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Abstract 
 
With the severe weather pattern in Australia over recent years, the high voltage polymer 
insulators in our power systems are severely stressed due to constant exposure to rain, 
pollution, heat and ultraviolet radiation. In spite of many benefits that polymer-based 
insulators can offer in comparison to their ceramic counterparts, they can fail mechanically 
and electrically.  
 
The common failure modes of polymer insulators include brittle fracture, flashover, and 
mechanical failure. Polymers will deteriorate over time due to exposure to environmental 
factors. Various complex mechanisms may result in polymer chain scission leading to 
changes in properties. There have been numerous studies of individual factors; however, the 
combined effect of these factors has not been described.  
 
In addition, in Australia, the severe weather patterns and increasing demand on electricity 
over recent years have exerted additional stress on the polymer insulators that are in current 
usage. Therefore, premature failures can be expected. Any failure in the large population of 
polymer insulators is a major concern for power utilities in Australia. When the insulators 
fail, the power supply to customers is disrupted and failures may initiate sparks and arcing 
that could lead to catastrophic events such as pole fires and bushfires. In 2007, sparks and 
flashovers on power lines due to insulator failure caused bushfires in Western Australia and 
resulted in loss of property and human life and this scenario was repeated on the 7th of 
February, 2009, in Victoria, Australia.  
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Currently, visual inspection is performed by line inspectors on foot, on a bucket truck or on 
board a flyby helicopter, the latter being, currently, the most commonly used method; 
sometimes a daytime corona camera or infrared thermal camera is used. These current 
techniques do not provide any indication of the remaining service life of the insulators. 
 
This thesis investigates the long-term influence of ultraviolet radiation, moisture and heat on 
the chemical composition of polymer insulators. The research concentrates on one type of 
polymer insulators, specifically silicone rubber insulators. Comprehensive laboratory testing 
is performed and results are analysed. Both a statistical and non-statistical approach is 
applied to predict the remaining service life of the insulators.  
 
The main objective of this thesis is to develop a novel remaining service life prediction tool 
for polymer insulators, which is expected to have a significant impact in the following ways: 
• a better understanding of the long-term performance of polymer insulators under 
unique weather conditions in Australia and overseas. 
• a better maintenance and replacement strategy for polymer insulators on high voltage 
transmission and distribution lines. 
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CHAPTER 1    Introduction 
 
1.1 Problem Statement and Background 
 
Traditionally, the manufacture of line insulators, the dual function of which is to 
separate the lines electrically from each other and to support the line conductors, 
employed high-quality glazed porcelain and toughened glass. These materials have 
been shown, through research and service experience, to be very reliable and cost-
effective for many external applications. However, the last fifty years has seen the 
introduction of alternative materials, such as polymers, which are being employed 
widely in various external insulator applications [1]. In transmission and distribution 
networks, polymer insulators are increasingly being chosen as the preferred 
insulation. These polymeric insulators include different types such as post insulator, 
cross arm insulator, pin type insulator, suspension insulator and polymer insulators 
for railway application. Figure 1.1 shows polymer suspension insulators in various 
sizes.  
 
The electrical power industry in Australia and overseas faces huge challenges in 
maintaining aging assets and infrastructure. Many of the installations that are 
currently in service date back more than two decades. Therefore, a good asset 
maintenance program is crucial in ensuring the reliability and security of our 
electricity supply. Polymer insulators have been widely regarded as a suitable 
replacement for ceramic-based insulators. Currently there are more than four million 
polymer insulators installed across the world [2].  
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550KV         220KV                        110KV                           66KV                        35KV                                10KV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the early history of the power industry, some areas that presented particular 
challenges in terms of appropriate insulation were seen to need special application; 
such locations might include areas where there were right-of-way limitations, 
frequent occurrences of vandalism, and/or contamination. In these locations, 
composite or non-ceramic insulators, otherwise known as polymeric insulators were 
seen to be a functionally efficient replacement for porcelain and glass. However, in 
the early history of their performance, many problems were encountered in actual 
service.  
 
Figure 1.1: Polymer suspension insulators for 10 KV to 550 KV 
applications [3] 
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Polymer insulators have a sizable number of common failure modes, including: 
brittle fracture, surface tracking and erosion of polymer sheds, chalking and crazing 
of sheds which lead to increased contamination collection, arcing and flashover, 
bonding failures and electrical breakdown along the rod-shed interface, corona 
splitting of sheds and water penetration which lead to electrical breakdown [2], [4-5]. 
Additionally, exposure to heat, ultraviolet radiation, rain and pollution will cause 
them to deteriorate over time. The short- and long-term performance of the large 
population of polymer insulators in Australia is causing increasing concern among 
power utilities, due to the severe stress these insulators are undergoing as a result of 
the severe weather patterns occurring in recent years. 
 
It was reported that failing polymer insulators have caused several recent power 
blackouts in Australia and around the world. Failure of insulators will not only 
disrupt the power supply to the customers, it can also initiate sparks and arcing that 
could lead to catastrophic events such as pole fires [6, 7] and bushfire [8]. From 2007 
to 2016, the sparks that occurred on power lines due to insulation failure caused 
bushfires in Western Australia and resulted in a loss of property and human life [8, 
9].  
 
Currently, power industries employ several tools for inspecting polymer insulators. 
These inspection tools used by power utilities include: daytime corona camera; 
infrared thermal camera; and, visual inspection performed by line inspectors on foot, 
on a bucket truck and on board a flyby helicopter. According to the recent Electric 
  
4 
  
Power Research Institute (EPRI) report, Assessment and Inspection Methods [10], 
walking and fast flyby inspections are the most common methods used. Evidence has 
shown that walking inspections are more effective than fast flyby inspection. The 
effectiveness of these inspection techniques depends strongly on the experience and 
skills of the line inspector. 
 
The decision on whether to replace or keep the insulator in service is at the discretion 
of the individual inspector. These current techniques do not provide any indication of 
the remaining life of the insulators. This thesis will provide a crucial link between the 
current conditions of polymer insulators obtained using the available technology and 
the remaining service life of insulators.   
 
1.2 Motivation and Objectives 
 
This thesis aims to develop a novel remaining-life prediction tool for polymer 
insulators to assist power utilities in identifying failing polymer insulators on 
transmission and distribution systems. This thesis will investigate the long-term 
influence of ultraviolet radiation, moisture and heat on the chemical composition of 
the polymer.  
 
The specific research questions to be addressed in this thesis are: 
 
• How can specific atmospheric conditions that accelerate the aging of polymers 
be simulated in a laboratory environment? 
• What are the major chemical and electrical indicators that can be used to 
quantify the aging of polymer insulators?  
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• What is the long-term effect of atmospheric factors such as ultraviolet radiation, 
moisture and heat on the remaining life of polymer insulation?  
• What are the appropriate methods of analysis that could be applied to predict the 
remaining service life of polymer insulators?  
 
The major issues commonly faced when applying the polymer insulators by power 
utilities, such as Western Power in Western Australia and AusNet Services in 
Victoria are: aging of the polymer materials; limited experience in dealing with 
polymer insulators; large variation in design; materials and manufacturing 
techniques; and, the correct handling of the insulators during the storage, 
transportation and installation process.  
 
The extensive tests and the remaining-life model that will be developed in this thesis 
will allow power utilities to be equipped with a powerful remaining-life prediction 
tool regarding the health of their asset. Better asset maintenance and replacement 
policy can be implemented when such vital information is available to power utilities. 
The outcomes of this thesis are significant and its findings will contribute to the 
solutions that will benefit power utilities in Australia and around the world.    
 
1.3 Thesis Structure 
 
Chapter 1 presents the background and objectives of this research, and the structure 
of the thesis is given. The main contributions of this research are also specified. 
Finally, the publications produced from the research are listed. 
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Chapter 2 introduces the most common failure modes that are found in polymeric 
insulators in service in the field over the past few decades. Various accelerating aging 
methods employed for studying the aging process of polymeric materials are 
presented in this chapter. In order to develop a life time for polymeric insulators, an 
extensive review of existing modelling methods is also presented.  
 
Chapter 3 describes the materials, specimen preparation, characterization 
techniques, and electrical test procedures in this thesis. Various specialised pieces of 
equipment that are employed for surface and material characterisation are presented.  
 
Chapter 4 presents a novel testing method called the Oscillating Water Droplet 
(OWD) test. This determines the effect of aging on polymeric materials by measuring 
the time needed for a drop of water to stabilize over the specimen surface and 
evaluating the temporal reduction of hydrophobicity on the surface of silicone rubber. 
This chapter presents results and images from the proposed OWD method. 
 
Chapter 5 introduces a new approach using the methods of both Newton and 
Lagrange to predict the aging of silicone rubber subjected to multiple stress 
conditions. Concentrations of chemical elements such as carbon, oxygen, silicon and 
aluminium were obtained and evaluated using a SEM (scanning electron microscope) 
with EDS (energy dispersive X-ray spectroscopy). The results from the curve-fitting 
method using the interpolation methods of Newton and Lagrange yield useful linear 
interpolation equations that describe the aging characteristic of the specimens under 
study. 
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Chapter 6 presents a lifetime model of polymeric specimen based on statistical and 
non-statistical methods. The model based on a 3D scatterplot is obtained based on 
results from chemical analysis, including ATR-FTIR, SEM and contact angle, as well 
as colour coordinates of specimens of silicone rubber insulators.  
 
Chapter 7 gives the conclusion and suggestions for further research. 
 
 
1.4 Summary of Original Contributions   
 
The original contributions made by the author via this thesis are as follows:  
• An entirely new test method, called the Oscillating Water Droplet (OWD) 
method has been developed. Strong correlation between the contact angle and 
time to stabilize is observed. This correlation allows us to determine the effect of 
aging on polymeric materials by measuring the time needed for a drop of water 
to stabilize over the specimen surface using a high-speed camera and evaluating 
the temporal reduction of hydrophobicity on the polymeric surface.  
• Life models of polymeric insulation based on both the multiple linear regression 
method and the polynomial curve fitting method have been developed and 
validated. For the first time, these models allow users to obtain the complete age 
profile of polymeric insulators from new to end-of-life based on chemical 
compositions.  
• The proposed life model can be applied to any polymeric materials such as 
epoxy resin and silicone rubber found in high voltage systems.  
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CHAPTER 2    Literature Review 
 
2.1 Introduction 
 
Non-ceramic insulators were introduced almost 50 years ago [11, 12]. These 
insulators consisted of a resin-bonded fibreglass core of high tensile strength; weather 
shed housing and metal end fittings. The weather-shed housings were polymeric 
materials such as ethylene propylene rubber (EPR), silicon rubber and alloys of 
ethylene propylene diene monomer (EPDM) and silicon [11]. Other polymers such as 
Teflon and cycloaliphatic epoxy resins were also used. 
 
A comparison of traditional porcelain/ceramic insulation and polymer insulation 
elicits a range of advantages and disadvantages on both sides. The former type of 
insulators  (Porcelain) have good stability against ultraviolet radiation, Partial 
Discharge (PD), humidity, chemical erosion, good thermal conductivity, high 
mechanical rigidity and low raw material cost [13]. However, they are brittle and 
have low pollution performance and complex geometry, high complex processing 
(necessitating a longer lead time), and are heavier, which leads to increased 
installation and maintenance cost [13]. 
 
Polymers, on the other hand, possess high mechanical rigidity and dielectric strength, 
low raw material cost and weight, making for easy handling and processing, high 
complex geometry obtainable, and are hydrophobic which is good in pollution 
performance [14]. Polymers can be used alone as insulators, bushing, surge arresters, 
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cable terminations, and bus insulation [15], and polymer housing can be applied to 
enhance the performance of porcelain/ceramic insulators [16].  
 
In recent years, polymer insulators, mainly made of silicon rubber and epoxy resins, 
have been used widely in the electrical power system in Australia and around the 
world. Their superior properties, when compared to ceramic insulators, include their 
light weight, hydrophobicity, high mechanical strength and low installation cost [17]. 
The superior properties of polymer insulators, compared to porcelain/ceramic 
insulators, make them the main candidates for transmission and distribution power 
lines. However, polymer insulators in outdoor environments deteriorate due to a 
variety of factors such as heat, sunlight, moisture, and acidic rain and air pollutants 
[18, 19]. The main concerns for polymer insulators are their mechanical properties, 
thermal stability, and aging resistance, owing to the fact that the covalent bonds in 
polymers are much weaker than the ionic bonds in porcelain [20]. 
 
2.2 Failure Modes of Polymeric Insulators 
 
The short and long-term performance of the large number of polymer insulators in 
Australia has become an area of concern for the power utilities. Due to the severe 
weather patterns in Australia over recent years, polymer insulators have been 
suffering severe stress. Several recent power blackouts in Australia and around the 
world have been attributed to failing polymer insulators.  
The failure of a polymer insulator creates a number of issues ranging from 
inconvenience to catastrophe. Such failures cause the disruption of power to the 
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power utility’s customers. They can also initiate sparks and arcing that could lead to 
pole fires [6, 7] as well as bushfires [8]. An example of the latter took place in 
Western Australia during 2007. This event resulted in both the loss of property and 
tragically the loss of human life [9]. 
 
Constant exposure to rain, pollution, heat and ultraviolet radiation cause polymer 
insulators to deteriorate over time. The common failure modes of polymer insulators 
include: brittle fracture, surface tracking that leads to flashover, surface 
contamination, and mechanical failure [21-23]. When the power system is in 
operation, the pollution on polymers enhances the probability of arc, corona or partial 
discharges, which causes the following: surface changes (Figure 2.1a); water 
absorption; reduction to contamination flash over strength; bonding failure along the 
rod-shed interface; tracking; erosion (Figure 2.1b); and brittle fracture and punctures 
(Figure 2.1c) of polymeric material.  
 
 
 
 
 
 
 
                   (a)                                             (b)                                          (c) 
 
Figure 2.1: Examples of failure modes of polymeric insulators: (a) low surface 
hydrophobicity (b) erosion of polymeric post shed (c) punctured shed 
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Sustained electrical stress and surface pollution ultimately leads to the breakdown of 
insulating materials. The effects of this, in Australia alone, are numerous and can 
lead to catastrophic failures such as pole fires [24], bush fires [25] and blackouts 
[26]. 
 
Concerted efforts have been made over the last 20 years to improve the properties of 
polymer insulators and to study their failure modes. In spite of this, as weather 
condition becoming more extreme and more pollution present in the environment 
and, it becomes increasingly more difficult to predict the dynamics of insulating 
materials on power lines. 
 
Over the past few years, many researchers have studied the effect of multiple stresses 
on polymeric insulators, such as electrical, thermal, mechanical and environmental 
stresses. These stresses precociously promote degradation causing: surface tracking; 
erosion; loss of surface hydrophobicity; partial discharge; electrical treeing; and/or 
complete failure. In addition, electrical stresses, such as corona discharge that 
generates heat, high level of ozone and ultraviolet radiation in short wavelengths, are 
also detrimental to the performance of insulators [27, 28].  
 
Factors like surface pollution and extreme heat level can also affect the oxidative 
stability of the compound, which leads to aging of the chemical composition of the 
polymer insulator. Surface degradation, such as carbon tracks and erosion, is known 
to reduce the lifespan of polymer insulators. Carbon tracks are formed by the heat 
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generated by leakage currents and dry band-arcing on the surface of the insulators. 
Degradation resulting from ultraviolet exposure is an important factor that also 
affects the service life of polymer insulators [29-31]. Outdoor insulators in harsh 
climates suffer from different parameters such as acid rain, ultraviolet radiation, and 
heat. Under heat and ultraviolet radiation, the hydrophobicity status of silicone rubber 
insulators alters over a period of time, leading to hydrophobicity loss and, finally, 
deterioration of insulators takes place [32, 33]. 
 
When exposed to foggy or rainy conditions in the field, hydrophobicity of silicone 
rubber insulators can be further reduced due to the discharge activities and wet 
pollution. However, silicone rubber finds its insulating property afterwards because 
polymer insulators have the ability to recover hydrophobicity when the stress is 
removed, although the rate of recovery may decrease with age [34-36]. 
 
Another common breakdown phenomenon in polymer insulators is the severe loss of 
the insulating properties while exposed to electric stress. This phenomenon is often 
caused by partial discharge in the gas or liquid medium surrounding the insulators 
and the high voltage, which could puncture the insulators. Partial discharge allows 
intermittent current to flow through the insulator surface [37-40]. When measurement 
of the breakdown voltages for polymer insulators was carried out, it was found that it 
is not the same in differently aged insulators. Variations in the breakdown voltages 
also determined the extent of the severity of damage on their surfaces. 
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2.3 Accelerated Aging via Laboratory Weathering Methods 
 
Acceleration weathers is preferred over natural weathering due to several factors; 
primarily, the tests, uninterrupted by natural day/night cycle, seasonal variations, and 
weather conditions, can run continuously at naturally occurring or higher irradiance 
than solar radiation. Although caution must be exercised so as not to cause unnatural 
degradation mechanisms, specimens can be exposed to spectral energies at or beyond 
the limits of their intended service exposure. Devices with artificial light sources, 
such as filtered long arc xenon, fluorescent, metal halide lamps and carbon arc are 
generally used to accelerate the degradation [41]. Additionally, water exposure, 
humidity of the thermal cycle and temperature can be manipulated to maximum, but 
not unrealistic, stress levels. 
 
A laboratory test possesses a fundamental benefit over the actual weather, which is 
essentially an uncontrolled and variable phenomenon, due to its reproducibility and 
repeatability. Also, it has the flexibility to accelerate and manipulate weathering 
conditions on demand and thus the study of the specific response of materials to 
various weathering factors, which can be controlled independently, is made possible. 
 
Radiant light received by an exposed material is considered to be the most important 
in natural weathering. Thus, the particular focus in this thesis is to utilise fluorescent 
ultraviolet light source as the main source for aging a polymer insulator material.  
Devices with specific spectral distributions have been developed using fluorescent 
ultraviolet lamps which have mechanical and electrical characteristics similar to those 
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used for residential and commercial lighting. These sources are incorporated into 
accelerated aging devices such as the Atlas UV2000 and Accelerated Weathering 
Tester (QUV).  
 
The functional design of these devices and their use is primarily governed by two 
standards created by the International Organization for Standardization (ISO) – ISO 
4892-3 and ISO 11507: the former covers plastics and defines methods of exposure 
to laboratory light sources, for example fluorescent ultraviolet-lamps; the latter 
covers paint and varnishes and exposure of coatings to artificial weathering. The 
American Society for Testing and Materials (ASTM) has also published relevant 
standards such as ASTM G154. This defines the standard practice for operating 
fluorescent light apparatus and exposure of polymer materials to fluorescent 
ultraviolet and water [41]. 
 
Two different types of fluorescent ultraviolet lamps have unique spectral 
characteristics. Fluorescent ultraviolet-B (UVB) lamps with a peak around 313 nm 
have nearly all of their energy concentrated between 280 nm and 360 nm. There is 
very little radiation with wavelengths longer than 360 nm, and a large percentage is at 
wavelengths shorter than what is present in natural sunlight. When the accelerated 
test uses UV-B lamps, laboratories have often reported reversals in the stability 
ranking of materials between accelerated and outdoor tests. This is due to the lack of 
long wavelength ultraviolet and visible radiation and the large amount of short 
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wavelength ultraviolet. The mechanisms of degradation may be significantly 
different from those of the ‘natural’ tests [41]. 
 
Fluorescents lights, also known as UV-A lamps, with peak emissions of 340 nm – 
370 nm (e.g., UVA-340 and UVA-351) can also be used. The short wavelength 
irradiance of the UVA-340 lamp, developed in 1987, simulates that of direct solar 
radiation below 325 nm, with irradiance power as a maximum emission equal to 1.55 
W/m2, or irradiance power as a normal emission equal 0.68 W/m2, as shown in 
Figure 2.2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Artificial weathering for comparison wavelength UVA lamp, 
and UVB lamp with sun [42] 
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Test times of UV-A lamps are longer than with UV-B lamps; however, because the 
former do not emit radiation below the cut-on of natural sunlight, correlation with 
outdoor weathering is somewhat improved [41].  
 
In order to produce moisture, accelerated weathering tester also includes a 
condensation cycle during a light-off period, as shown in Figure 2.3. The test surface 
is exposed to a saturated, heated mixture of water vapour and air and, during the dark 
cycle, the relative humidity inside the chamber is approximately 100%.  
Condensation on the exposed surface is caused by exposing the reverse side of the 
panel to room air that drops the panel temperature below the dewpoint. The sequence 
and time intervals are programmable for both the condensation cycle and the 
ultraviolet cycle. During both the ultraviolet and condensation cycles, temperatures 
can also be controlled [42]. 
 
 
 
 
 
 
 
 Figure 2.3: QUV condensation and UV chamber [42] 
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2.4 Prediction of Remaining Life of Polymeric Insulation 
 
The study of a remaining-life prediction tool for polymeric insulators only started in 
the early 90s. The lack of conclusive evidence about the most significant factor in the 
aging process has encouraged adoption of statistical approaches to lifetime 
prediction, with some researchers [43] combining a statistical approach with the 
identification of a physical mechanism. Identical specimens of solid electrical 
insulation, when tested under identical conditions, will exhibit a range of lifetimes. 
This variation of lifetimes can usually be modelled by either the statistical-based 
methods, such as the Endurance test method [44], or non-statistical-based methods, 
such as the Mahanolobis-Taguchi (MT) method [45].  
 
In the typical endurance test method, the life curve is obtained in an M test series; 
each consists of subjecting N test specimens to constant stresses and measuring the 
time (or number of voltage applications or impulse voltage) to failure of all the 
specimens. The accelerating parameter (applied voltage) is then changed to the next 
level, and the test repeated with a new group of N specimens.  
For practical reasons, the aging test usually starts with the highest voltage level, 
which produces failures of test specimens in a relatively short time. The test voltage 
is then reduced in subsequent test series to gradually approach the operating stress. 
At each test voltage level, the measured population of N values of the time to 
breakdown – its defining parameters – can be evaluated, for example, the mean and 
standard deviation values. The experimental life curve is defined by the set of M 
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mean times to breakdown. It is then extrapolated for the service life of the insulation 
system. 
 
The time to the first failure that is predicted will depend on the confidence level 
adopted. Many investigators have developed different methods for predicting the 
failure times for the first specimen and subsequent specimens. Mann and Saunders 
[46] proposed a technique that used the failure times for the first two or three failures 
from a previous specimen in order to predict the first failure time for subsequent 
specimens. The technique was later improved by Mann et al., [47] and by Mann [48].  
Saunders [49] considered the problem of failure prediction when the rate of failure is 
increasing (i.e. Weibull shape parameter >1). Antle and Rademaker [50] predicted 
the upper confidence limits for predicted failure times using maximum likelihood 
estimations (MLE) and computer simulation. Lawless [51] proposed a technique that 
used a conditional confidence interval based on measured failure times from the same 
Weibull distribution and compared his technique with other techniques.  
 
Many previous studies in the field of high voltage insulation and failure prediction 
have utilised similar statistical approaches. R. A. Jongen et al. [52] studied the 
failures of a population of resin cable joint for 10kV paper-oil insulated cables using 
statistical analysis with Weibull and Normal distributions. In this work, the failure 
expectation was calculated using the failure rate of the fitted normal distribution and 
can be used to calculate expected failures and evaluate the effectiveness of a 
preventive replacement strategy. Results show that active replacement strategy of 
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replacing an amount of the oldest joints seems to have a positive effect on the number 
of expected failures.  
 
In [53], a theoretical model based on two-parameter Weibull Distribution to predict 
the performance of cycloaliphatic-based medium voltage equipment was presented. 
The models presented in this work can be used to evaluate the field performance of 
epoxy-insulated materials. The model predictions are observed to be in good 
agreement with the experimental and field results collected from 20 insulators. 
Statistical method provides a useful tool for researchers and engineers to evaluate the 
failure rates and current condition of the equipment in service over time.  
However, these models do not provide information regarding the residual life or 
remaining life of the equipment. Also, factors such as geographical locations and 
different levels of weathering exposures are not taken into consideration. 
 
The Mahalanobis-Taguchi (MT) method is defined as a pattern information 
technology that can be employed to make quantitative decisions by constructing a 
multivariate measurement scale using the data/results obtained [54-57]. Applying MT 
method to chemical evaluation results allowed deterioration diagnosis of the test 
specimens [58]. The main objective of MT is to introduce a scale based on all input 
characteristics to measure the degree of abnormality. Mahalanobis distance (MD) is 
used to construct such a scale. The average value of the MDs for the reference data 
group comprised of new specimen evaluation data becomes approximately 1 
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(Mahalanobis space: MS). The larger the specimen’s degree of abnormality becomes, 
the larger the MD from the MS (data group of new insulators). 
 
In this paper, the authors show that, since the Mahalanobis distance shows a strong 
correlation with surface resistivity, it was found that applying the MT method to the 
chemical evaluation results allows for a diagnosis of the deterioration of phenol 
insulators. However, the works that utilise MT method are limited and aged 
specimens gathered from the field are required to formulate the life model.  
 
In other works, M. Ostendorp [59] examined more than 1500 cap and pin-type 
ceramic insulators from the new and used categories to establish the life model. Tests 
were performed to evaluate the 'new' and 'aged' or 'in-service' performance of cap and 
pin-type ceramic insulators. Insulators were examined at EPRI's Engineering and 
Test Centers in Haslet, TX, and Lenox, MA. Visual inspections and electrical and 
mechanical tests of the specimen were carried out.  
 
More than 1500 cap and pin type ceramic insulators of nearly 140 separate strings 
were inspected and evaluated using one or more of the following procedures: visual 
inspection; insulation resistance measurements; Equivalent Salt Deposit Density 
(ESDD); wet AC flashover tests; lightning impulse tests; internal (X-ray) inspection; 
chemical component analysis; and, mechanical destruction tests. The extensive test 
results in this work show that the dry resistance and insulation strength have an 
exponential relationship with the age of the insulators. This method shows some 
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important results, with specimens up to 80 years old. However, the results are limited 
to only the ceramic insulators and require large amount of specimens collected from 
the field that span many decades. For polymeric insulators, introduced only two to 
three decades ago, obtaining sufficient specimens that span many decades is 
impossible.  
 
Until now, no significant amount of work done on the life model or remaining service 
life of polymer insulators has been presented in the literature. Therefore, this thesis 
aims at developing a methodology for the development of a complete life model for 
polymer insulators to assist power utilities in identifying the effect of weathering 
elements on the insulators, as well as predicting the remaining service life of polymer 
insulators on transmission and distribution systems. 
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CHAPTER 3    Specimen Preparation and Testing Methods 
 
3.1 Introduction 
 
Under varying climates and weather conditions, an insulator will experience entirely 
different climatic and contamination conditions compared to the same type of 
insulator located at a different location in the grid. Therefore, it is desirable to 
conduct an accelerated aging test on insulators that simulates the real-life conditions 
in which the insulators are expected to perform in the long term.  
 
This chapter describes the aging and studying of specimens of silicone rubber and 
epoxy resin insulators, the specimen being made up of a large number of polymeric 
high voltage insulators installed in the electrical system network in Australia and 
around the world. These specimens are subjected to controlled environmental stresses 
such as heat, ultraviolet radiation and condensation for different exposure times using 
the Accelerated Weathering Tester (QUV) from Q-LAB.  
 
Details of the insulating materials and accelerated aging processes applied to the 
specimens are described in this chapter. In addition, various testing methods for 
evaluating the changes in the electrical performances and chemical characteristics of 
the aged specimens will be presented. A discussion and conclusion can be found at 
the end of the chapter.     
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3.2 Material Selection 
 
The dielectric barriers between the conducting components of a high voltage system 
and the adjacent supporting structure or object are formed by high voltage insulators. 
Glass, porcelain and polymer-based materials, such as epoxy resin and silicone 
rubber, are the most commonly used insulating materials in the overhead power 
transmission and distribution systems [60]. 
Polymer insulators have, since their introduction in the early 1970s, been more and 
more accepted by utilities as suitable replacements for glass and porcelain insulators. 
The weather-shed housing consists of polymeric materials such as: ethylene 
propylene rubber (EPR); ethylene propylene diene monomer (EPDM); HTV (High 
Temperature Vulcanisation); silicone rubber (PDMSO); and alloy of EPDM and 
PDMSO [60]. Other polymers such as Teflon and cycloaliphatic epoxy resins are also 
used [29]. 
 
3.2.1 Epoxy Resin  
Electrical and electronic applications use epoxy resins as insulation material in a 
variety of ways – adhesives, coatings, impregnates, sealants, and moulding and 
potting compounds to produce void-free insulation around components [61]. In order 
to select  a specific epoxy formulation for a given application, understanding is 
necessary, not only of its desirable dielectric properties, but also other characteristics, 
such as operating temperature range and thermal cycling, chemical resistance to 
shock and vibration, and dimensional stability [62, 63 ]. 
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Epoxy resin was synthesized in the 1940s, from a chemical perspective, by a step-
reaction polymerization between epichlorohydrin and bisphenol A, as depicted in 
Figure 3.1. The average degree of polymerization of the pre-polymer produced in this 
reaction is dependent on the ratio of reactant [64]. Various additives are contained in 
epoxy resins supplied to the composites industry, including any one of the following: 
filler, ultraviolet absorbers, thixotropic, pigment, and fire retardant. To increase the 
dielectric insulation performance, hydrophobic-fumed silica powder is employed as 
filler as a practical measure. An optimized ratio of epoxy resin, curing agent, diluent 
and filler is defined [65].  
 
 
 
 
 
 
 
Patented material known as permanent hydrophobic cycloaliphatic epoxy resin (PH-
CEP) comprise the epoxy-based specimens used in this thesis; these are supplied by 
EMC Pacific Pty Ltd [66]. This product, an epoxy-based polymer, is mechanically 
strong, permanently hydrophobic, light weight, and exhibits outstanding longevity 
and reliability in service.  
 
 
O 
 OCH2CH  H2C CHCH2O   
O 
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H3C 
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Figure 3.1: The chemical structure of epoxy resin [65] 
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Technology at a nano-level, found within EMC Pacific proprietary hydrophobic silica 
(HSIL), a highly advanced water repelling filler for resin systems, makes this 
possible. With time, a new insulator surface is weathered away at a micro-level. 
Regardless of weathering, surface damage, or erosion, with EMCP’s underlying 
HSIL matrix, the hydrophobic surface recovery is not only maintained, but 
hydrophobicity is retained throughout the product and the insulator remains non-
absorbent. The unique electrical properties of this insulator make it attractive to 
power industries, and it is applied widely in high voltage electrical insulation in 
transmission and distribution networks. 
 
3.2.2 Silicone Rubber  
Silicone rubber or polydimethylsiloxane (PDMS) is an elastomer composed of 
silicone, which is a composite of silicon with carbon, hydrogen, and oxygen. Silicone 
rubbers are widely used in industry and often contain fillers that help to improve 
some properties or to reduce cost. Silicone rubber is classified as an organo-silicon 
compound. It has a very important bond between carbon (organic) and silicone 
(inorganic) elements [67]. As silicone rubber has an organic group attached to the 
silicon atom, this type of polymer insulator is a hydrophobic material that is, it can 
repel water [68].  
 
Furthermore, silicone rubber is resistant to sunlight and heat. It is also flexible over a 
wide range of temperatures because it has a silicone-oxygen backbone. However, this 
backbone also allows it to be easily corroded by acids and bases [69].  The chemical 
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formula for silicone rubber is CH3 [Si(CH3)2O]n Si(CH3)3, where n is the number of 
repeating monomer [SiO(CH3)2] units as shown in Figure 3.2. 
 
 
 
 
 
 
 
The material of choice in industry is silicone rubber when retention of mechanical 
strength and initial shape are desired under sub-zero temperatures or heavy thermal 
stress [71]. Silicone rubber is resistant to extreme environments and temperatures 
from -55 °C to +300 °C, and is generally stable and non-reactive, while still 
maintaining its useful properties. In contrast to organic rubber, which has a carbon-
to-carbon backbone that can leave it susceptible to ozone, ultraviolet, heat and other 
aging factors, silicone rubber has good withstanding properties. Silicone rubber is 
thus one of the elastomers of choice in many extreme environments. 
 
From the perspective of chemistry, silicones are polymers which include any 
synthetic, inert compound made up of repeating units of siloxane; the latter is a chain 
of alternating oxygen and silicon atoms, frequently combined with hydrogen and 
carbon. Typically, they are rubber-like and heat-resistant, and are used in cooking 
utensils, medicines, lubricants, sealants, adhesives, and thermal and electrical 
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Figure 3.2: The chemical structure of silicone rubber [70] 
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insulation. Some common forms include silicone grease, silicone rubber, silicone oil, 
silicone resin, and silicone caulk [72]. Silicones display many useful characteristics, 
including: low chemical reactivity; thermal stability (constancy of properties over a 
wide temperature range of −100 to 250 °C); low thermal conductivity; and, the ability 
to repel water and form watertight seals. Because silicone can be formulated to be 
electrically insulated or conductive, silicone rubber has excellent electrical insulation 
properties and is suitable for a wide range of electrical applications. A comparison of 
silicone rubber and epoxy resin insulators are described in Table 3.1. 
 
Table 3.1: Comparison of silicone rubber and epoxy resin insulators 
Silicone Rubber Epoxy Resin 
• Thermoplastic polymer 
• Excellent electrical properties 
• Water repellence without glazing 
• Higher radiation resistance 
• Less affected by salts, acids and 
other impurities deposited on the 
surface 
• No locked-in mechanical stresses 
(Silicone rubber is flexible )  
• Thermosetting polymer 
• Excellent electrical properties  
• Water repellence with glazing 
• Lower radiation resistance 
• Can be affected by salts, acids and 
other impurities deposited on the 
surface 
• Locked-in mechanical stresses 
(curing of the resin is cast to 
solid) 
 
In this thesis, 22 KV specimens from the Lapp Rodurflex High Temperature 
Vulcanized (HTV) silicone rubber insulator have been extracted. Rodurflex insulators 
are known for their excellent water-repellent, ultraviolet and corona resistant silicone 
rubber-based polymer housing. The pre-moulded weather-sheds are chemically 
bonded to the housing, which eliminates mould-lines and allows variable creep-age 
distances for a fixed insulator length.  
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3.3 Aging inside Accelerated Weathering Tester 
 
This thesis studies the aging characteristics of polymer specimens under controlled 
environmental conditions using the Accelerated Weathering Tester (QUV) from Q-
LAB Corporation Company, Westlake, USA, based on ASTM (American Society for 
Testing and Materials). Specimens are subjected to stresses such as heat, ultraviolet 
radiation and condensation in a 12-hour cyclic pattern. The QUV test simulates the 
effects of sunlight and other weather elements by means of fluorescent ultraviolet 
lamps and sprinkler/fog nozzles. Ultraviolet radiation will degrade polymeric 
specimens, which causes crazing, checking or cracking of the surface, as well as loss 
of hydrophobicity and discolouration [73]. A detailed description of the operation of 
the QUV tester and the ASTM standard will be presented in the next section. 
 
3.4 Accelerated Weathering Chamber cycles 
 
The damaging effects of sunlight, dew and rain are realistically simulated by the 
QUV tester’s ultraviolet light, short wavelength, and moisture cycles. In just a few 
weeks or months, it can generate reproducible and reliable weathering data with 
excellent correlation to outdoor weathering tests. The damaging effects of sunlight 
are reproduced by fluorescent ultraviolet lamps. Ultraviolet light is responsible for 
most of the sunlight damage to polymer materials exposed outdoors, even though it 
makes up only about 5% of sunlight. Therefore, it is only necessary to reproduce the 
short wavelength ultraviolet for testing polymer degradation. This thesis has selected 
the UVA-340 lamp because it affords the best correlation to outdoor exposures and is 
the best simulation of sunlight from 295 nm to 365 nm.  
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Studies have demonstrated that condensation in the form of dew is responsible for 
most outdoor wetness [41]. Dew remains on the material for a long time, allowing 
significant moisture absorption and is thus more damaging than rain. The QUV 
tester’s long, hot condensation cycle reproduces outdoor moisture significantly better 
than other methods such as immersion, high humidity or water spray. The tester also 
allows users to vary the moisture content inside the chamber, creating an 
environment similar to natural weathering 
Aging due to extreme temperature can also accelerate the degradation of polymers. 
The detrimental effects caused by ultraviolet radiation and moisture will usually be 
sped up by an increase in temperature. The QUV tester allows the internal 
temperature to be fully controlled. Photos showing the QUV tester and the internal 
layout of the chamber can be found in Figure 3.3 and Figure 3.4. In comparison with 
tests performed at the Desert Sunshine Exposure Test (DSET) site in Arizona, the 
QUV test has been assessed as having a standard aging of 11:1; thus, eleven hours 
exposure in the Arizona Desert, considered to be one of the most severe natural 
ultraviolet environments in the world, is equivalent to one hour aging with ASTM 
G154 Cycle inside the QUV tester. 
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In this thesis, three specimens from silicone rubber insulators were degraded inside 
the QUV weathering tester using ASTM standard - G154 and a custom aging cycle, 
described in Table 3.2. 
 
Figure 3.3: Accelerated Weathering Testers (QUV) [42] 
Figure 3.4: Internal layout of Weathering Tester [42] 
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Table 3.2: Details of specimens under different aging cycles 
Aging Process Weathering elements to be simulated 
Duration of Aging 
Process 
ASTM G154 Ultraviolet radiation, 
moisture, temperature 
1000-hour, 2000-hour, 
3000-hour 
Custom Aging Ultraviolet radiation, temperature only 
1000-hour, 2000-hour, 
3000-hour 
 
 
The ASTM accelerated aging cycle contains two steps: firstly, the specimens are 
aged under a constant temperature of 70 °C and an ultraviolet source (UVA-340 nm) 
with a radiation level of 1.55 W/m2 for 8 hours; in the second step, the specimens are 
aged with moisture for 4 hours with a constant temperature 50 °C without any 
ultraviolet source. The details of ASTM G154 can be found in Table 3.3.  
 
Table 3.3: ASTM G154 aging cycle 
Step Function Irradiance(W/m2) Temperature Time(Hours) 
1 Ultraviolet Radiation 1.55 70 8.0 
2 Condensation N/A 50 4.0 
3 Go to Step 1    
 
 
 
There are many standard test cycles written for the QUV tester by organisations such 
as ASTM and ISO. However, users can also select a setting based on customised 
cycles. According to the guideline from Q-LAB, the irradiance can be set anywhere 
from very dim to very bright. As a guide, it is recommended that the irradiance be set 
at the normal or maximum set points. For UVA-340 nm lamp, the normal set point is 
  
34 
  
0.68 W/m2 and 1.55 W/m2. The irradiance set point will obviously have a major 
effect on the rate of degradation of the specimens. In this thesis, a normal irradiance 
set point of 0.68 W/m2 was selected as a Custom Aging. The details of the aging 
cycle can be found in Table 3.4. 
 
Table 3.4: Custom Aging (C. A.) cycle 
Step Function Irradiance (W/m2) Temperature Time (Hours) 
1 Ultraviolet Radiation 0.68 50 12.0 
2 Go to Step 1    
 
 
3.5 Correlation of Aging Lifetime inside QUV with Natural    
Weathering 
 
Correlation between the aging time in the QUV weathering tester and actual aging in 
nature can be defined as the ability of an artificial weathering method to produce 
results that agree with real-time outdoor environmental exposure.  The foundation of 
whether or not an artificial test correlates with natural weathering is based on the 
changes that have occurred to the material on exposure. These might be mechanical, 
such as gloss loss, hydrophobicity, colour change, and tensile strength, or chemical 
changes, which can be detected with infrared spectrophotometry, electron spin 
resonance and thermal analysis [41].  
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In the preparation of the accelerated aging test, weathering profiles in Florida and 
Arizona, USA are often used as a benchmark. The weather patterns in these locations 
are known to be very extreme in terms of the level of ultraviolet radiation and 
temperature. For instance, the Tropospheric Ultraviolet and Visible (TUA) 
Radiations in Florida and Arizona are 280 MJ/m2 and 334 MJ/m2 respectively. As of 
2015, the TUA radiation is approximately 195 MJ/m2 in Melbourne. 
 
The question, “how many hours in an artificial tester equals one year of natural 
exposure?” is often asked. There is no straightforward answer to this question 
because many factors such as geographical location, latitudinal and other atmospheric 
variations will contribute to the variability of natural sunlight. However, by including 
certain assumptions, an estimate can be formulated.  
In this thesis, a QUV weathering tester was fitted with ultraviolet radiation source 
with 340 nm wavelength (UVA-340) and the irradiance was controlled at 1.55 W/m2 
and 0.68 W/m2.  The annual mean ultraviolet radiant exposure at the latitude angle of 
25o north for one year in Florida is 280 MJ/m2. Since the energy contained in the 340 
nm wavelength is approximately one per cent of the ultraviolet radiation ranging 
from 295 nm – 385 nm in Florida, the following conversion can be made: 
 
1 MJ/m2 @ 295 – 385 nm ≅ 10 KJ/m2 at 340 nm                   (Eq. 3.1) 
 
Therefore, equivalent TUV radiation (280 MJ/m2 in Florida) is 2800 KJ/m2. Equation 
3.2 can be used to convert KJ/m2 to the irradiance level in W/ m2.  
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J/m2 = W/m2 x 3600 seconds                    (Eq. 3.2) 
 
For an irradiance of 1.55 W/m2 (ASTM G154 cycle),  
 
2,800,000 J/m2 = 1.55 W/m2 × 3600 seconds × number of hours         (Eq. 3.3) 
 
By rearranging Equation 3.3, we can determine the amount of aging time in the 
weathering tester that is equivalent to one year in Florida [41].  
 
Number of hours = 
,,	
.				×	
 = 502 hours               (Eq. 3.4) 
Since the QUV weathering tester can be programmed with a ‘dark’ period without 
ultraviolet radiation, as given in Section 2.3, it is important to adjust the number of 
hours by including the hours when ultraviolet radiation sources are not switched on, 
which was one-third of the total aging cycle.  
 
 Adjusted number of hours = 502 + [502 x (1/3)] = 669 hours             (Eq. 3.5) 
 
 
 So, 1000 h under ASTM G154 cycle can be represent as 1000 h /669 h = 1.49 year in 
Florida weathering climate [41]. Based on this assumption, the correlations between 
hours in the weathering tester and natural weathering in Florida, Arizona and 
Melbourne can be calculated and results are tabulated in Table 3.5.  
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Table 3.5: Hours in weathering tester under ASTM G154 cycle 
versus natural weathering in Florida, Arizona and Melbourne 
Hours in 
weathering tester 
(ASTM G154) 
Florida ( year) Arizona (year) Melbourne (year) 
1000 1.49 1.25 2.15 
2000 2.98 2.50 4.30 
3000 4.47 3.75 6.45 
 
For an irradiance of 0.68 W/m2 under the custom aging cycle, describe in Table 3.3,  
 
2,800,000 J/m2 = 0.68 W/m2 × 3600 seconds × number of hours              (Eq. 3.6) 
 
By rearranging Equation 3.6, the amount of aging time in the weathering tester that is 
equivalent to one year in Florida can be determined.  
 
Number of hours = 
,,	
.		×	
 = 1,144 hours = 0.87 year in Florid    (Eq. 3.7) 
 
Correlations between the hours in the weathering tester and natural weathering in 
Florida, Arizona and Melbourne are tabulated in Table 3.6. Custom aging cycles 
inside the QUV weathering tester have no ‘dark’ period (that is, any condensation 
period). As per the specifications and recommendations of QUV equipment, aging 
cycles for both cases (ASTM G154 and Custom Aging) are limited to 3000 hours. 
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Table 3.6: Hours in weathering tester under custom cycle (C. A.) 
versus natural weathering in Florida, Arizona and Melbourne 
Hours in 
weathering tester 
(custom cycle) 
Florida ( year) Arizona (year) Melbourne (year) 
 
1000 
 
0.87 0.73 1.26 
 
2000 
 
1.74 1.46 2.52 
 
3000 
 
2.61 2.19 3.78 
3.6 Preparation of Fully Damaged Specimen 
 
In order to determine the remaining life of polymer insulators, a damaged specimen 
produced by severe surface arcing was created to extrapolate the results from the 
electrical and chemical tests. To prepare the damaged specimen, a new specimen 
from silicone rubber was subjected to a high level of artificial surface contamination. 
The contaminant consisted of a mixture of 10g of NaCl with 40g of Kaolin per 1 litre 
of distilled water. The solution conductivity was 61µS and the temperature of the 
contamination was 24.6 °C, which was measured using a conductivity meter 
(HANNA HI8633N). In accordance with IEC507 [74] and AS4436-1996 [75], this 
type of pollution level caused by surface salinity was classified as very heavy (> 50 
µS).  
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The contamination was sprayed over the surface of the new specimen and the 
specimen was placed in between two electrodes energized with high voltage, as 
shown in Figure 3.5. Flashover was produced between two electrodes and this 
process was repeated fifty times to ensure that the specimen surface was completely 
degraded (fully damaged). The fully damaged specimen is important in that it 
provides results that closely resemble the breakdown stage of the specimens.  
The electrical testing of the specimens presented in Section 3.6 shows that the result 
of the breakdown voltage of the damaged specimen was reduced by 35% compared 
to the new specimen. If this amount of degradation occurs on the 22 kV insulators, 
this insulator will not be able to sustain the operating voltage. 
 
 
Figure 3.5: Flashover on test specimen 
 
3.7 Dielectric Breakdown Test 
 
There are two types of dielectric breakdown tests – channel breakdown and surface 
breakdown test. In order to prove the hypothesis, a detailed experimental 
investigation of silicone rubber material was performed by applying a breakdown 
voltage test. Breakdown voltage tests were carried out for three categories of silicone 
  
40 
  
rubber specimens – new, aged and damaged. The aged category was further broken 
down into three sub-categories relating to their aging period in the QUV chamber – 
1000, 2000 and 3000 hours.  Five specimens were tested from each category, giving a 
total of twenty-five tests.  
 
Each specimen was subjected to the breakdown voltage test for 20 seconds until the 
insulator breakdown occurs. If specimen breakdown did not occur, the voltage was 
raised in 1 kV steps every 20 seconds until breakdown occurred. The breakdown 
voltage was calculated as the median value determined from five tests in accordance 
with the procedure specified in the IEC60243-1:1998 [76].  
These specimens were prepared using sheds from a Rodurflex HTV insulator cut into 
small pieces in dimensions of 20 mm × 20 mm with 2.0 mm ±0.2 mm thickness. To 
determine the channel dielectric breakdown voltage of silicone rubber insulators, the 
electrode configuration as shown in Figure 3.6 was used. The specimens were placed 
between a pair of spherical electrodes, each 20 mm in diameter and arranged on a 
common axis perpendicular to the plane of the test specimen.  
 
In order to conduct this test successfully, the electrodes need to be thoroughly 
cleaned prior to commencing the test. Impurities on the electrodes will reduce the 
electrical quality of the electrode-silicone interface leading to a significant change of 
the dielectric breakdown voltage.  
 
The electrical conductivity of insulating materials varies with temperature and 
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moisture. As such the insulator specimens were immersed in a medium and for the 
duration of the tests the temperature was maintained within ±2 K of the specified 
temperature according to IEC60296-2003 [77]. Immersion in a liquid medium also 
prevents a flashover or partial discharge though the surface of the insulator. 
According to IEC60296-2003 [77], transformer oil was selected to be the most 
suitable medium. 
 
 
 
 
 
 
 
 
 
Selected transformer oil has a minimum deleterious effect on the material under test. 
Transformer oil made by Quantum APAR Specialty Oils Company meets the 
requirements specification of IEC60296-2003 [77]. The transformer oil has a 
breakdown voltage of 60 kV in accordance with IEC60156 [78] and a dielectric 
dissipation factor (tan δ) at 90 °C in 50 Hz of 0.005 maximum and minimum 
resistivity of 100×1012 G ohm-m in accordance with IEC60247 [79]. 
Figure 3.6: Channel breakdown test using 20 mm spheres electrodes 
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The experiment was conducted with the setup immersed inside a 5 litre plastic tank 
with the oil maintained at 20 °C. One electrode was connected to the ground and 
another was connected to the high voltage test transformer (single phase 50 Hz, 
220/100,000 volts, 10 kVA) through a current limiting resistor (49 kΩ).  
 
As mentioned, a surface breakdown test was also run to determine the median 
dielectric breakdown voltage over the silicone rubber surface. The electrode 
configuration as shown in Figure 3.7 was used. The specimens were placed under a 
pair of needle electrodes with a tip diameter of 0.8 mm, arranged on a common axis 
and set at a 45º angle to the plane of the test specimen. The distance between the two 
tips of the electrodes was 10 mm. The surface breakdown test was run under the 
same conditions as channel breakdown test (inside a plastic tank with transformer oil) 
and in accordance with the procedure specified in IEC60243-1:1998 [76].  
 
 
 
 
 
 
 
Figure 3.7: Dielectric breakdown test showing electrodes on the surface of the 
insulator specimen 
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3.8 Material Characterisation 
 
3.8.1 Scanning Electron Microscopy (SEM)  
 
Scanning Electron Microscopy and Energy Dispersive x-ray Spectroscopy (EDS) was 
used to measure the percentage quantity of elements contained on the surface of 
silicone rubber after aging; this was carried out to illustrate the degradation in the 
surface topography before and after breakdown phenomena. Before examination of 
all specimens, they were cleaned in an ultrasonic cleaner for 180 seconds using 
ethanol. 
Firstly, the percentage quantity for chemical elements on the surface of the specimens 
was computed using Philips XL-30 SEM with EDAX Silicon Drift Detector with    
X-ray detector model 500 Apollo X. This type of detector provides a low relative 
statistical error for the element peak intensity. The specimens were coated with 
carbon before examination, using a Gatan Inc. Precision Etching and Coating System 
(Model 682) with Thickness Monitor (Model 681.2). 
 
Secondly, the surface topography of the specimens before and after breakdown 
phenomena was assessed with scanning electron microscopy (SEM). The surface of 
the specimens was inspected using a FEI Quanta 200 SEM with EDAX Si (Li) X-ray 
detector. The analyses were performed in low vacuum mode (67 Pa) operated in spot 
size 5.0 at 20 KV acceleration voltage.  
SEM photographs were captured after breakdown for analysing the surface condition 
of silicone rubber insulators at a magnification of (1000x). Since the interaction depth 
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of EDX is about 4 µm, this analysis did not show any significant difference in the 
percentage quantity for chemical elements contain on the silicone rubber surface. 
A photo of the Philips XL-30 SEM is shown in Figure 3.8. SEM photographs were 
captured for 44 analysing the surface condition of the specimens at a magnification of 
1000x. A specimen of the SEM image is shown in Figure 3.9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Philips XL-30 Scanning Electron Microscopy 
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Figure 3.9: SEM image of new silicone rubber specimen at 1000x 
magnification 
 
3.8.2 Infrared Spectroscopy (IR)  
 
A commonly used method for characterizing the chemical structure of silicone rubber 
near the surface region is infrared spectroscopy via an attenuated total reflection 
(ATR) technique. The ATR technique enables identification of specific molecules 
and group located in the surface layer, typically 1 to 10 µm deep. Vibration modes of 
molecular bonds are analyzed in the range 4000 cm-1 to 650 cm-1. The Attenuated 
Total Reflection – Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used 
to study the surface chemistry of the silicone rubber before (a new specimen), and 
after exposure to the condensation cycle (ASTM G154) and damaged specimens.  
 
In this thesis, ATR-FTIR measurements were performed on Perkin Elmer 
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measurements (Spectrum 100 Optic), as shown in Figure 3.10. The Spectrum 100 
Optic was developed to provide accurate transmittance measurements on high 
refractive index materials. Each spectrum was scanned for 40 seconds with force 
gauge about 80%, with at least three spectra taken for each specimen. An example of 
the measurements of the ATR-FTIR is presented in Figure 3.11.  
 
In typical spectra provided by ATR-FTIR, the absorption peak in the 1008 cm-1 is 
attributed to Si-O-Si bond. The Si-O-Si backbone of silicone rubber has a high 
energy bond and has more resistance to degradation compared to other bonds in the 
silicon chain. The absorption peak at 1260 cm-1 refers to Si-CH3 bond and 2963 cm-1 
to C-H bond in CH3 groups. Si-CH3 groups are one of the main chemical bonds 
responsible for surface hydrophobicity of silicone rubber insulators.  ATH filler was 
characterized by a decrease in the absorption peaks, correlated with the hydroxyl 
groups bounded within ATH in intervals of 3300 to 3600 cm-1 [80]. An estimation of 
the degree of the change of ATH in the surface region was obtained from the highest 
value of the absorption peak at 3440 cm-1. 
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Figure 3.10: FTIR Measurement using Perkin Elmer measurements  
(Spectrum 100 Optic) 
 
Figure 3.11: FTIR Spectra of different specimens 
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3.8.3 Colour Analysis 
 
Minolta Chroma Meter (CR-300), as shown in Figure 3.12, was used to measure the 
colour coordinates L, a, and b values for different specimens after calibration. The 
calibration channel must be calibrated using calibration standard CR-A43 for CR-300 
chroma meter. The chroma meter uses six high-sensitivity silicone photocells to 
measure both incident and reflected light, based on the chroma meter’s double-beam 
feedback system.  
 
These photocells are filtered to match the Commission International de l’Eclairage 
(CIE) Standard Observer Response. According to the CIE, variables L, a, and b more 
closely represent human sensitivity to colour, where L is the lightness variable, and a 
and b are the chromaticity coordinates [81]. The specimens’ (new, aged and 
damaged) colour differences are evaluated by using Hunter Lab Colour System. The 
obtained results more closely match the degree of perceived colour differences.   
 
 
  
 
 
 
 
 
Figure 3.12: Minolta Chroma Meter (CR-300) 
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3.8.4 Hydrophobicity 
 
The most commonly used method for measuring the hydrophobicity of any polymeric 
materials is called the ‘sessile drop technique’. As shown in Figure 3.13, a high-
speed contact angle measuring device OCAH200 was used for the determination of 
fast absorption and spreading with up to 240 images per second. Using the sessile 
drop technique, a water drop was placed on the surface using a syringe. The static 
contact angle was measured using a camera fitted to a microscope. 10 µl of distilled 
water was dropped under the control of an electronic syringe module via the SCA-20 
software package. The hydrophobicity picture was then recorded using a camera in a 
per-drop period of 1 minute and transmitted automatically into a personal computer 
after determination of the base line. 
 
Finally, the static contact angle was calculated according to the pre-set fitting, which 
is available as a function in SCA-20, as shown in Figure 3.14. It is important to point 
out that the hydrophobicity measurement was performed on the specimens (new, 
aged and damaged) at room temperature, and then three months after the aging was 
completed. During this period, the hydrophobicity recovery would have been 
completed [82]. 
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3.8.5 Oscillating Water Droplet (OWD) Test  
To examine the behaviour of a water droplet under impact after free fall– that is, the 
time needed to stabilize the water droplet over the silicone rubber for a new specimen 
– a damaged specimen and specimens aged under both aging cycles (ultraviolet cycle 
and condensation cycle) were compared. A high-speed camera (Vision Research 
Figure 3.13: High-speed contact angle measuring device OCAH200 
Figure 3.14:  Static contact angle measurement on water drop set over fitting surface  
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Phantom v1610) was used with 65mm f/4.5 Macro-Nikkor lens and Nikon PB-6 
bellows unit, which was fixed at a 45° angle to the specimen surface.  
 
A contact angle-measuring device, OCAH200, as described in Section 3.8.4, was 
used as a base to support the specimen and to control the water dispersing through 
electronic syringe modules in the Contact Angle measuring device OCAH200. The 
dosing rate of the liquid dispensing unit of OCAH200 was 5 µl/s. The tip of the 
syringe (Hamilton 100µl) was placed at 1 cm above the specimen in the experiment. 
The full set-up of the high-speed camera and contact angle measuring device is 
shown in Figure 3.15 and the close-up photo is depicted in Figure 3.16.  Sequential 
frames of the water droplet were recorded and analysed using Phantom Cine Viewer 
software, as depicted in Fig. 3.17, to measure the time needed for the drop of water to 
stabilize over the silicone rubber specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Experimental setup of DDT on contact angle device with 
high speed camera 
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      Figure 3.17: Images of water droplet in Phatom Cine Viewer 
 
 
 
 
 
Figure 3.16:  Close-up image showing specimen on contact angle device 
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3.8.6 Surface Roughness  
Investigation into the surface roughness of the specimens was required for 
comparison between the new, aged and damaged specimens. A Contour GT Optical 
Profiler from BRUKER Pty Ltd was used to evaluate the degree of surface 
roughness. As shown in Figure 3.18, the Contour GT Optical Profiler uses x5 
magnification lens (interferometry) with back scan equal to 20 µm and the length of 
scanning equal to 20 µS.  
 
The test was performed three months after the final specimens were aged and the 
fully damaged specimen was prepared. The test was conducted on eight different 
locations on every specimen and the average results were obtained for comparing the 
degree of surface roughness between the specimens aged in different cycles. Figure 
3.19 shows the surface roughness of a new specimen, where the Mean Roughness 
Depth (RZ) is clearly equal to 14.94 µm. 
 
 
 
 
 
 
 
 
 
Figure 3.18: Contour GT Optical Profiler 
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3.9 Summary 
  
Brief technical details of the epoxy resin and silicone rubber insulators are presented 
in this chapter. They are the two major types of polymer insulator materials. The 
thesis and related research experiments mainly target silicone rubber material, due to 
their popularity and wide application to the power industry. Information on the 
accelerated aging process using a QUV weathering tester provides insights into the 
operation of the weathering tester and the associated ASTM standards used to test 
specimens under various degrees of environmental stresses.  
 
Extrapolation of the data was performed in order to determine the remaining life of 
polymeric insulation, detailed in Chapters 5 and 6; to achieve this; failed specimens 
were produced by subjecting the new specimens to numerous flashovers and severe 
pollution as described in Section 3.6. This Chapter also provides background and 
technical details of the equipment used to perform electrical testing and material 
Figure 3.19: Surface roughness of new specimen with RZ= 14.94 µm 
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characteristic tests. This equipment allows unique characteristics such as surface 
roughness, hydrophobicity, discolouration and reduction in electrical breakdown 
strength to be quantified accurately.  
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CHAPTER 4    Evaluation of the Aging Process of Silicone 
Rubber Based on Surface Characterisation 
Techniques and Electrical Method   
  
4.1 Introduction 
 
Over the past few years, many researchers have studied the effect of multiple stresses 
– such as electrical, thermal, mechanical and environmental stresses – on polymeric 
insulators [83]. These stresses strongly accelerate degradation that causes surface 
tracking, erosion, loss of surface hydrophobicity, partial discharge, and electrical 
leakage current or complete failure. As described in Chapter 2, High Temperature 
Vulcanized (HTV) silicone rubber insulators is one of the popular polymeric 
insulators that demonstrate excellent electrical, chemical and mechanical 
performance with superior aging time [84]. However, like most polymeric materials, 
silicone rubber insulators lose their hydrophobicity over time and allow leakage 
current and flashover to develop [85, 86]. Silicone rubber is made of organic 
material. Therefore, the deterioration caused by environmental stresses such as 
ultraviolet radiation, heat, condensation and acidic compounds will affect the 
electrical and mechanical performance of the material over time.  
 
A novel method – the Oscillating Water Droplet (OWD) test method – was proposed 
(3.8.5) to evaluate the effect of aging on polymeric materials. This test measures the 
time needed for a drop of water to stabilize over the specimen surface and evaluates 
the temporal reduction of hydrophobicity on the surface of silicone rubber. This 
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chapter presents results and images from the proposed OWD method. The sequential 
images were recorded and analysed using Phantom Cine Viewer software to measure 
the time required for the water droplet to stabilize over the silicone rubber specimen.  
Moreover, the results from the contact angle measuring device are presented, along 
with images taken from SEM showing the difference in the hydrophobicity angle and 
the level of degradation on the surface of new, damaged, UVA-only cycle (custom 
aging cycle) and ASTM G154 aging cycle, respectively. ContourGT Optical Profiler 
was used for measuring the surface roughness of the different specimens to evaluate 
the damage introduced by the accelerated aging and how it affected the 
hydrophobicity of silicone rubber.  
 
In addition, the dielectric breakdown voltage test over the surface of silicone rubber 
was carried out. It was found that the median breakdown voltage decreases as the 
aging time on the insulator increases. A change in the breakdown voltages allows us 
to determine the severity of the damage introduced to the insulator surface. 
 
4.2 Specimens under Study  
 
This section covers the details of the specimen’s preparation. The aging process, in 
accordance with the ASTM G154 standard, was applied to the specimens. The aging 
cycle is automated through the use of an Accelerated Weathering Tester (QUV). 
Details of the aging process, including the methodology to produce a fully damaged 
specimen, were presented in Section 3.6. Three specimens were aged inside the QUV 
weathering tester under the ASTM G154 standard cycle to induce material aging on 
the specimens. The ASTM G154 cycle contained two steps: firstly, the specimens 
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were aged under a constant temperature of 70 °C and an UV-340 nm ultraviolet 
source with a radiation level of 1.55 W/m2 for 8 hours with different exposure times; 
subsequently, the specimens were aged under condensation for 4 hours with a 
constant temperature 50 °C without any ultraviolet source. This process was repeated 
every 12 hours and the total exposure times on these specimens were 1000, 2000 and 
3000 hours, respectively.  
 
In many inland areas across Australia and around the world that have a desert-like 
climate, humidity in the air is low and rains are infrequent. Extreme heat and low 
humidity will have a detrimental effect on the surface properties of high voltage 
insulators, such as: hydrophobicity loss; surface tracking; brittle fracture and erosion 
of polymer sheds; arcing and flashover; bonding failures; and, electrical breakdown. 
In order to study these extreme effects, an aging process without the influence of 
moisture was included. Another three specimens were aged under a custom aging 
cycle, which is similar to ASTM G154, where there is a constant temperature of 50 
°C and an UVA-340 nm ultraviolet source with irradiance of 0.68 W/m2. This aging 
process was applied to the three specimens for 1000, 2000 and 3000 hours, 
respectively.  
 
The results from these aged specimens will provide better understanding of the effect 
of extreme heat and ultraviolet radiation on silicone rubber; they will also allow 
correlation to be established between the time needed for a drop of water to stabilize 
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over the specimen surface and other reliable indicators, such as surface breakdown 
voltage and degree of surface roughness. 
 
In addition, the fully damaged specimen was also prepared according to the 
procedure detailed in Chapter 3. The damaged specimen is important in this work. 
This specimen provides results which closely resemble the final degraded stage of 
silicone rubber. Each flashover process creates extremely high ultraviolet radiation 
and a very high temperature (more than 300 °C), which is sufficient for the surface to 
lose its hydrophobicity property and change the surface to a hydrophilic state (that is, 
opposite to a hydrophobic state). If this process is repeated fifty times, the surface 
can be considered to be hydrophilic or fully damaged. 
 
4.3 Surface Breakdown Test  
 
In order to study the performance of silicone rubber specimens that were aged under 
different conditions, an experimental investigation of new, damaged and aged 
silicone rubber materials was performed by applying a surface breakdown test over 
the insulator surface.  
 
The degree of deterioration of silicone rubber can be evaluated by comparing the 
median surface breakdown voltage of the specimens. In order to compare the 
breakdown results for all specimens [0h, 2000h (ASTM G154 and Custom aging 
cycle), 3000h (ASTM G154 and Custom aging cycle), and damaged specimen], the 
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median of the breakdown voltages was calculated. The results of the surface 
breakdown test are tabulated in Table 4.1.  
 
Table 4.1: Surface breakdown voltage versus aging time 
Aging Period Breakdown Voltage (kV) 
Median 
Breakdown 
Voltage (kV) 
New specimen 35.2 34.5 32.1 33.5 32.2 33.5 
2000 h 
(C. A. Cycle) 28.7 21.4 24.3 30.2 35.6 28.7 
3000 h 
(C. A. Cyle) 31.3 27.8 27.4 32.4 26.5 27.8 
2000 h 
(ASTM G154) 23.7 26.8 24.4 26.5 28 26.5 
3000 h 
(ASTM G154) 22.0 23.7 25.7 26.9 25.6 25.6 
Damaged Specimen 26.2 21.8 22.7 24.0 22.9 22.7 
 
The results showed that the breakdown voltage was reduced when the aging period 
increased. The damaged specimen showed significant difference in breakdown 
voltage compared with the new specimen. When the specimen was damaged, the 
chemical bonding on the surface could be weakened, helping to free electrons to 
travel easily across the insulator surface.  
 
The breakdown was affected by the field enhancement due to the non-uniform field 
created by the electrodes, leading to reduction in breakdown strength of the material. 
This also explains the wide variation in breakdown voltages observed for all 
specimens, caused by the non-uniform field between the two electrodes. Specimens 
that were aged in the ASTM-G154 cycle had lower median breakdown voltage than 
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those in the ultraviolet-only cycle, were clearly influenced by the high humidity 
conditions throughout the condensation cycle, which accelerated the aging process 
and caused the chemical bonds to break down over the surface of the insulation. 
 
4.4 Surface Roughness 
In an attempt to investigate and evaluate the aging process, the surface roughness of 
each specimen was measured and the reading was used for assessing the hydrophobic 
performance of the specimens. Figure 4.1 shows the surface roughness of a new 
specimen, where the Mean Roughness Depth (RZ) is clearly equal to 14.94 µm. In 
Figure 4.2, a damaged specimen has more porosity in the surface, as can be seen with 
a high RZ, which is equal 30.73 µm. 
 
 
 
 
 
 
 
F 
 
 
 
 
Figure 4.1: Surface roughness of new specimen with RZ = 14.94 µm 
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Table 4.2: Surface roughness from different specimens 
Specimens Mean Roughness Depth (Rz) 
New specimen 17.494 
2000 hours (C. A. Cycle) 17.906 
3000 hours (C. A. Cycle) 17.950 
2000 hours (ASTM G154) 18.380 
3000 hours (ASTM G154) 18.560 
Damaged Specimen 27.754 
 
Figure 4.2:  Surface roughness of damaged specimen with RZ = 30.73 µm 
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Eight different roughness spot measurements were obtained from each specimen and 
the average value is calculated and tabulated in Table 4.2. The damaged specimen 
has the highest mean roughness depth RZ compared to other specimens. The 
roughness depth of the specimens increases with time of aging. The damages on the 
specimens subjected to aging cycle ASTM G154 are more severe than ones that are 
aged in the custom aging cycle.  
 
4.5 Hydrophobicity 
 
Changes in contact angle can be clearly observed on all specimens, which include a 
new specimen, damaged specimen and specimens that were subjected to two aging 
cycles (Custom Aging Cycle and ASTM G154 Cycle). Contact angles based on the 
mean value of 16 spot measurements were taken for every specimen according to 
IEC62073 standards [87, 88]. The contact angle results are tabulated in Table 4.3. 
 
Table 4.3: Contact angle of water droplet on different specimens 
Specimens Contact Angle (θ°) 
New specimen 114.7o 
2000 hours (C. A. Cycle) 112.5 o 
3000 hours (C. A. Cycle) 106.9 o 
2000 hours (ASTM G154) 110.7 o 
3000 hours (ASTM G154) 104.9 o 
Damaged Specimen 55.1 o 
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To prevent any change in hydrophobicity due to hydrophobicity recovery, the contact 
angle test was run three months after the aging of all specimens was completed [82], 
[89-90]. It can be seen that the rate of reduction in the contact angle due to the ASTM 
G154 cycle is faster. For example, the contact angles of the new specimen and the 
custom aging cycle (3000 hour) are 114.7º and 110.8º degrees, respectively. On the 
other hand, the new specimen contact angle compared to the ASTM G154 Cycle 
(3000 hour) is 114.7º and 106.9º, respectively Similarly, the measurements from the 
damaged specimen were taken three months after the aging to ensure that the 
specimen had recovered completely from corona discharge; the damaged specimen 
demonstrated a contact angle average of 55.1º.       
 
4.6 Oscillating Water Droplet (OWD) Test Method 
 
In this thesis, a novel method for assessing the hydrophobicity of polymeric surface 
is presented. Using a set-up involving high-speed video camera, as described in 
Chapter 3, the time for a water droplet to stabilize on the surface can be measured. 
For the first time, the sequential images reveal the dynamic interaction between the 
polymeric surface and the water droplet. Figure 4.3 shows the sequential frames of a 
5.0µl water droplet falling onto a new silicone rubber specimen.  
 
This sequences of images shows both the impact when the water droplet touches the 
surface and the early oscillatory behaviour of the droplet. The time interval between 
images shown in this figure is 1ms. The oscillation of the droplet on the new 
specimen stopped at 389 ms.   
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Figure 4.4 shows a 5.0µl water drop falling on a silicone rubber surface that was aged 
for 3000 hours. The time interval between images is 1ms. The oscillation of the 
droplet of this specimen stopped at 405 ms. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: OWD Test on new specimen (initial 40 ms) 
 
Figure 4.4: OWD Test on 3000 hour ASTM G154 Cycle (Initial 40ms) 
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Figure 4.5 shows a 5.0 µl water droplet falling on silicone rubber surface of a 
damaged specimen. Due to the deterioration of the surface of the specimen, the 
oscillation of the droplet lasted longer and the oscillation stopped at 426 ms. The 
periods of time needed for water droplets to stabilize over the surface of various 
silicone rubber specimens are tabulated in Table 4.4.  
Table 4.4: Time needed for water droplet of different specimens to 
stabilize over the surface 
Specimens Time needed to stabilize 
on the surface (ms) 
New specimen 389  
2000 hours (C. A. Cycle) 390  
3000 hours (C. A. Cycle) 394   
2000 hours (ASTM G154) 401  
3000 hours (ASTM G154) 405  
Damaged Specimen 426  
Figure 4.5: OWD Test on damaged specimen (Initial 40 ms) 
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Silicone rubber surface tension affects the motion of a water droplet. The motion and 
pattern of oscillation are to be determined largely by its boundary surface [91]. The 
surface boundary affects the water droplet behaviour and the time needed for the 
water droplet to stabilize over the surface.  
 
The time differences between various specimens could be related to the difference in 
forces applied from the specimen’s surface onto the water droplet. The first force is 
the weight of the droplet (lower part) landing on the surface. The second force is 
created by surface tension that causes the droplet to react in three different directions 
as shown in Figure 4.6 [92]. The will continue bouncing until it stabilizes when the 
first and second force are equal with each other. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
First Force (Lower part) 
Second force (Upper part) 
Figure 4.6: Reflective forces asserted by the specimen surface affect the 
motion and oscillation of water droplet. 
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4.7 Correlation between OWD Method and Breakdown 
Voltage/Surface Roughness/Contact Angle 
 
In order to evaluate the reliability of the Oscillating Water Droplet (OWD) method, it 
is important to investigate the relationship between the time for the droplet to 
stabilize and other conventional parameters, such as median breakdown voltages, 
averages for surface roughness and contact angle. In Figure 4.7, the linear 
relationship between the median breakdown voltages and the time for the droplet to 
stabilize can be clearly seen.  
 
 
 
 
 
 
 
 
 
 
 
 
The time for the droplet to stabilize is also compared to the Mean Roughness Depth 
(Rz) and contact angles. The plots in Figure 4.8 and Figure 4.9 show the linear 
Figure 4.7: Correlation between the median breakdown voltages and 
time for droplet to stabilize 
  
69 
  
15
16
17
18
19
20
38
9
39
0
39
1
39
2
39
3
39
4
39
5
39
6
39
7
39
8
39
9
40
0
40
1
40
2
40
3
40
4
40
5
Ro
u
gh
n
e
ss
 
c
ha
ra
c
te
ris
tic
 
 
R
z 
(µm
)
Time for droplet to stabilize (mS)   
100
103
106
109
112
115
118
38
9
39
0
39
1
39
2
39
3
39
4
39
5
39
6
39
7
39
8
39
9
40
0
40
1
40
2
40
3
40
4
40
5
Co
n
ta
c
t a
n
gl
e 
(θ°
)
Time for droplet to stabilize (mS)   
relationship between the OWD method and the Mean Roughness Depth and contact 
angles.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Correlation between the average 
Figure 4.9: Correlation between the contact angles and time for droplet to 
stabilize Contact Angle (θ°) 
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The damaged specimen was not included for correlation analysis, since they 
demonstrate different effects than aged specimens under custom or ASTM G154 
cycles and presented in Figure 4.7 to 4.9. The damaged specimen was produced by 
repeating the flashover voltage test over the new specimen surface. 
 
4.8 Summary  
 
In this chapter, a novel evaluation tool called the Oscillating Water Droplet (OWD) 
Method is presented. For the first time, high-speed sequential images of water 
droplets stabilizing over the surface of insulation are captured. The reflective forces 
asserted by the specimen surface affects the time for the water droplet to stabilize. 
Water droplets on the damaged specimen took a longer time to settle compared to 
other specimens. The roughness of the surface of damaged and aged specimens 
produced more reflective forces in the upward direction. This proposed method gives 
new insight into the relationship between the electrical performances of polymeric 
materials, their surface characteristics and the interfacial interaction between water 
droplet and the polymeric surface. The OWD method is an original concept for 
testing insulating material proposed by the author. 
 
More reflective forces in the upward direction were produced as a result of the 
roughness of the surface of the damaged and aged specimens. This proposed method 
allows the relationship between the electrical performances of polymeric materials, 
surface characteristics and interfacial interaction between the polymeric surface and 
the water droplet to be understood more closely. Correlation plots show the linear 
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relationship between the time required for the OWD test method and the Mean 
Roughness Depth (RZ), contact angles and surface breakdown test.  
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CHAPTER 5    Prediction of the Aging Profile of Polymeric 
Specimens Using Chemical Concentration 
and Polynomial Interpolation Approach 
 
5.1 Introduction 
            
Predicting the lifetime of polymeric insulators is one of the most important research 
topics in studying the life cycle of high-voltage insulators in power transmission and 
distribution networks. In this chapter, we proposed a new approach using the 
methods of Newton and Lagrange to predict the aging of silicone rubber subjected to 
multiple stress conditions. Concentration of chemical elements, such as carbon, 
oxygen, silicon and aluminium, were obtained and evaluated using an SEM (scanning 
electron microscope) with EDS (energy dispersive X-ray spectroscopy). The results 
from the curve-fitting method using the Newton and Lagrange interpolation methods 
yield useful linear interpolation equations that describe the aging characteristics of 
the specimens under study. This approach can be applied to predict with good 
accuracy the change in chemical concentration of polymeric insulators over the life 
cycle. 
5.2 Specimen Preparation  
 
Three specimens were aged inside a QUV weathering tester using an aging standard 
based on ASTM G154 cycle, as described in Chapter 3. The percentage quantity for 
chemical elements on the surface of the specimens was computed using Philips XL-
30 SEM with EDS that has a silicon drift detector with X-ray detector model 500 
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Apollo X (Energy Dispersive Analysis X-ray (EDAX) Inc., Berwyn, USA). This type 
of detector provides a low relative statistical error for the element peak intensity. The 
specimens were coated with carbon before examination; using a Gatan Inc. precision 
etching and coating system (Model 682) with thickness monitor (Model 681.2). 
Before examination, all specimens were cleaned in an ultrasonic cleaner for 180 
seconds using ethanol. 
5.3 Newton and Lagrange Methods 
 
5.3.1 Interpolation Model based on Newton Method 
Newton’s interpolation polynomial is among the most popular and useful curve- 
fitting methods for expressing an interpolating polynomial. Before presenting the 
general equations, a first-order linear interpolation method will be introduced. Linear 
interpolation is the simplest form of interpolation that connects two data points with a 
straight line, as depicted graphically in Figure 5.1 [93]. 
 
Figure 5.1: Graphical depiction of linear Newton interpolation 
f(x) 
 
 
 
f(x2) 
 
 
f1(x) 
 
f(x1) 
   x1                                                      x2                                            x 
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The term  in Equation 5.1 is a finite difference approximation of 
the first derivative. The linear interpolation represented the slope of the line 
connecting the two points, as shown in Equation 5.2. In general, the smaller the 
interval between the data points, the better the approximation. Equation 5.2 can be 
rewritten, as shown in Equation 5.3.  
Newton’s formula can be generalized to fit an (n – 1)th-order polynomial to n data 
points, as shown in Equation 5.6. 
       (Eq. 5.1) 
 
        (Eq. 5.2) 
 
                                              (Eq. 5.3) 
                             b1 = f(x)                                            (Eq. 5.4) 
                        b2 =                                                                     (Eq. 5.5) 
            (Eq. 5.6) 
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x1                                                                                                                      x2                   x 
L2f(x2) 
f(x) 
 
 
f(x2) 
 
 
 
f(x1) 
 
 
 
 
 
 
5.3.2 Interpolation Model based on Lagrange Method 
The Lagrange method is a second method that is chosen to model the aging of 
silicone rubber based on the chemical concentration of silicone rubber.  
 
 
 
 
 
 
 
The Lagrange interpolating polynomial equation can be presented as the average of 
the two values connected by a straight line, 
                                                                             (Eq. 5.7)                                                     
 
Where, L1 and L2 are the weighting coefficients [93]. A linear interpolation is 
depicted graphically in Figure 5.2. The weighting coefficients (L1 and L2) yield the 
straight line that connects the points [93] where, 
         
                        (Eq. 5.8) 
Figure 5.2: Graphical depiction of linear Lagrange interpolation 
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                       (Eq. 5.9) 
 
       (Eq. 5.10) 
 
The equation, as shown in Equation 5.10 explains the predicted value in any point 
along f(x), as shown in Figure 5.2.  The Lagrange general formula can be written as 
shown in Equation 5.11, where Li(x) represents a high order Lagrange coefficient 
[93]. 
     
        (Eq. 5.11) 
 
 
5.4 Results and Discussion 
 
5.4.1 Elements Analysis Using EDS 
Elements analysis after aging under ASTM G154 cycle was performed on the new 
and aged specimens. The percentage of the chemical elements on the silicone 
insulator surface was computed using Philips XL-30 SEM with EDS from EDAX 
Inc. Six arbitrary locations of silicone rubber surface were chosen for each specimen 
and chemical atomic composition of each specimen were analysed, and presented in 
Figure 5.3 to Figure 5.6. The results were plotted in an interval plot showing the 
maximum, minimum and average values. As clearly shown in these figures, only 
limited aging data is available (namely 0, 1,000 h and 3,000 h). In order to verify the 
effectiveness of this method, the proposed interpolation methods will be used to 
predict the chemical composition for other aging periods.  
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Figure 5.4: Interval plot of Oxygen element 
Figure 5.5: Interval plot of Silicon element 
Figure 5.3: Interval plot of Carbon element 
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Figure 5.6: Interval plot of Aluminium element 
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Carbon, oxygen, silicon and aluminium elements are the main elements found in 
silicone rubber, where carbon and oxygen are organic elements. The most significant 
depletion in both aging periods (new and 3000 hour) was evident in the carbon, 
where the content changed from 17.72% to 16.00%, as shown in Figure 5.3. The 
oxygen element increased from 48.90% to 52.70%, shown in Figure 5.4. For all aged 
specimens, reduction of carbon percentage and increase in oxygen percentage 
indicated clearly that the surface oxidation of the silicone rubber had taken place. 
5.4.2 Interpolation Curves from Newton and Lagrange Methods  
Figures 5.7 to Figure 5.10 show the interpolation curves based on the Newton and 
Lagrange methods. Based on these curve-fitting methods, the chemical composition 
for the rest of the aging period can be estimated. For instance, the percentage quantity 
of carbon at 1500 hours and 2000 hours can be estimated to be 16.696% and 
16.429%, as shown in Figure 5.7.  
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Figure 5.7: Interpolation curve of Carbon element 
Figure 5.8: Interpolation curve of Oxygen element 
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Figure 5.9: Interpolation curve of Silicon element 
Figure 5.10: Interpolation curve of Aluminium element 
  
81 
  
The same can be applied to other elements such as oxygen, silicon and aluminium. 
The coefficients of the Newton and Lagrange equations are tabulated in Table 5.1. In 
addition, both Newton and Lagrange interpolation methods generated the same 
equations and the interpolation curves were identical. 
 
Table 5.1: Coefficients of the Newton and Lagrange equations for 2000-hour 
specimen 
Coefficients of Newton 
polynomial equation Carbon Oxygen Silicon Aluminium 
B1 17.710 48.912 30.440 2.938 
B2 -7.12e-04 0.002404 -0.002034 4.04e-04 
B3 7.13e-08 -5.70e-07 6.12e-07 -1.25e-07 
 
Coefficients of 
Lagrange polynomial 
equation 
Carbon Oxygen Silicon Aluminium 
L1 -0.333 -0.333 -0.333 -0.333 
L2 1 1 1 1 
L3 0.333 0.333 0.333 0.333 
 
In order to examine the effectiveness of these interpolation equations, the differences 
between the estimated value and the actual measured value for the specimen aged for 
2000 hours using ASTM G154 cycle 4 are presented in Table 5.2. The actual 
measurement of the 2000-hour specimen is also plotted in Figures 5.7 to Figure 5.10.  
 
Table 5.2: Chemical Percentage for 2000-hour Specimen 
Chemical 
percentage 
elements 
Average 
results from 
EDS 
Calculation 
using Lagrange 
method 
Calculation 
using Newton 
method 
Percentage 
error (%) 
Carbon 16.24 16.429 16.429 1.16 
Oxygen 52.28 52.580 52.580 0.57 
Silicon 28.20 27.596 27.596 2.14 
Aluminium 3.16 3.496 3.496 10.63 
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The percentage error between the approximated value (from Newton and Lagrange 
equations) and actual measurement are also presented. The small percentage error 
shown in Table 5.2 suggests that the proposal approach can be used as a tool to 
estimate the aging of silicone rubber. Both the Newton and Lagrange methods 
produced the same percentage error in estimating the data at 2000 hours, due to the 
low number of the specimens engaged in this study. 
 
 
5.5 Summary 
  
The results in this chapter show the development of a clear trend in the interval plots 
of the percentage chemical composition of the aged specimens, based on the 
measurements obtained from EDS. Polynomial interpolation equations that 
approximate the aging profile of silicone rubber were obtained using the Newton and 
Lagrange methods. In order to evaluate the effectiveness of interpolation equations, 
the chemical composition of a specimen aged for 2,000 hours using ASTM G154 was 
compared to the approximated values obtained using the interpolation equations.  
The results suggest that the proposed approach could be applied to predict the change 
in the chemical concentration of polymeric insulators over the life cycle.  
  
83 
  
CHAPTER 6   Development of Lifetime Model of Polymeric 
Specimens using 3D Scatter Plot and 
Extrapolation Approach 
 
6.1 Introduction  
 
This chapter presents a lifetime model of a polymeric specimen based on statistical and 
non-statistical methods. The first method utilizes multiple parameters obtained from 
chemical characteristics of new, aged and damaged specimens to synthesize a lifetime 
model for the polymeric specimen. The model is obtained based on  results from 
chemical analysis, including ATR-FTIR, SEM, contact angle as well as colour 
coordinates of specimens of silicone rubber insulators subjected to a constant 
temperature of 50 °C and an ultraviolet irradiation of 0.68 W/m2 for 1000, 2000 and 
3000 hours using QUV Weathering Tester by Q-Lab.  
 
A major issue for long-term stable and reliable medium voltage insulation application 
requires a comprehensive and consolidated knowledge of its electrical strength 
breakdown voltage under heat and ultraviolet radiation exposure for aging of different 
periods. As shown in this chapter, the results were obtained using a 3D scatter plot to 
show the effect of the thermal and ultraviolet radiation on silicone rubber over specified 
time regimes.  
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The 3D scatter plot displays a clear timeline on how the chemical bonds change between 
the new, aged, and damaged specimens. This information relating to the exposure time to 
failure could be useful in visualizing the degradation of polymer insulators over time. 
The proposed 3D scatter plot based on the obtained data shows a clear trajectory on how 
a new specimen degrades over time and eventually is led to complete failure. The 
application of a Multiple Linear Regression method provides a linear plane equation that 
quantitatively describes the changes in silicone rubber in response to environmental 
exposures over time.  
 
The second lifetime model (statistical method) will be developed using polynomial 
interpolation method of multiple orders. First order to fifth order polynomial 
interpolation methods are investigated to determine the best fitting curve without 
significant divergence from the actual value or true value. The interpolation curve is used 
to estimate the age of a specimen of unknown age. This investigation has revealed a 
novel method for determining a model that could describe the lifetime of polymeric 
insulators and an extrapolation method for estimating the age of a polymer insulator.  
    
6.2 Preparation of Specimens 
 
Experimental work was performed on specimens collected from a 22 KV Rodurflex 
silicone rubber insulator, as described in Chapter 3.2.2. The specimens were 
subjected to accelerated degradation using an Accelerated Weathering Tester from Q-
Lab. The degradation was examined for these specimens using breakdown test, a 
Scanning Electron Microscope (SEM), a Fourier Transforms Infrared Spectroscopy 
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(ATR-FTIR) and hydrophobicity measurement using a contact angle measuring 
device (OCAH200). In addition, the colour change of the specimens was measured 
by CHROMA Meter (CR-300). Breakdown voltage tests were also conducted on the 
specimens. 
 
In this chapter, a unique specimen from 22 KV Rodurflex which is aged in ASTM 
G154 for 800 hours is proposed inside a QUV/spray model. This cycle contains two 
steps: firstly, the specimen was aged under a constant temperature of 70 °C and an 
UVA-340 nm ultraviolet source with irradiance 1.55 W/m2 for 8 hours; secondly, the 
specimen was aged under a condensation for 4 hours with a constant temperature 50 
°C without any ultraviolet source. This process was repeated for 800 hours. These 
specimen results were entered into the 3D scatter plot to evaluate the relationship 
with the first aging cycle (only ultraviolet source with irradiance of 0.68 W/m2). The 
effect of the condensation in degrading the specimen was also compared using the 
results obtained from specimens that were not exposed to the condensation cycle 
(custom cycle). 
 
6.3 Measurements and Results  
 
The obtained results presented in this section are used to evaluate the degree of aging 
of silicone rubber by comparing the changes in chemical bonds, hydrophobicity 
(contact angle), colour coordinates and breakdown voltage measurements. Colour 
coordinates representing the reflective colours of surfaces will change with excessive 
heat and ultraviolet exposure. Changes in chemical bonds in different specimens at 
1000 hours, 2000 hours and 3000 hours were compared against both a virgin 
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specimen and a damaged specimen. Changes in hydrophobicity (contact angle) with 
different periods of aging time were used to evaluate the changes in surface 
characterization of insulators. Breakdown voltage measurements were also obtained 
to review the percentage of aging over different periods. The results from the five 
methods presented can be found in the following sections. 
 
6.3.1 Channel Breakdown Test  
In order to study the long-term reliability and stability of silicone rubber, a detailed 
experimental investigation of new and aged silicone rubber materials was performed 
by applying a breakdown voltage test. A breakdown voltage test was accomplished 
for a new, damaged and six aged specimens in different exposure times (1000h, 
2000h and 3000h) with/without the influence of condensation. Three specimens were 
aged using custom aging cycle as described in Section 3.4 and three other specimens 
were aged using ASTM G154 aging cycle which is also described in Section 3.4. All 
specimens tests were run according to the procedure specified in the IEC 60243-
1:1998 [76]. These specimens were prepared in dimensions of 20 mm × 20 mm with  
2.0 mm ±0.2 mm thickness.  
 
The specimens were placed between a pair of spherical electrodes as shown in Figure 
6.1, each 20 mm in diameter, and arranged on a common axis perpendicular to the 
plane of the test specimen. As a condition to run this test, the electrodes have to be 
cleaned carefully. Impurities on the electrodes will reduce the electrical quality of the 
electrodes/silicone interface leading to a significant change of the dielectric 
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breakdown voltage. The electrical strength of insulating materials varies with 
temperature and moisture content so this test is run substantially uniform and 
maintained within ±2 K of the specified temperature around test specimens according 
to IEC 60296-2003 [77]. 
 
To prevent a flashover or partial discharge, specimens are to be tested in a 
surrounding medium. According to IEC 60243-1:1998 [76], transformer oil was 
selected to be the most suitable medium. The experiment was conducted with the 
setup immersed inside a small plastic tank that can carry 5 liters of the oil at 20°C 
temperature. One electrode was connected to ground and another was connected to 
the high-voltage test transformer (single phase 50 Hz, 220/100,000 volts and 10 kVA) 
through a current limiting resistor (49 kΩ). 
 
A sphere-sphere electrode is used for the investigation on the dielectric breakdown 
behaviour of silicone rubber. Figure 6.1 shows a breakdown channel occurring in a 
place lower than the centre of electrodes. The AC breakdown test was carried out on 
specimens of different aging times.     
 
 
 
 
 
Figure 6.1: Image shows an instantaneous breakdown channel 
between a sphere-sphere electrode configuration 
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All of the breakdown test results are plotted in Figure 6.2 and tabulated in Table 6.1. 
In order to compare the breakdown results between all specimens and a new 
specimen, specimens were aged under custom cycle (1000h, 2000h and 3000h), 
ASTM cycle (1000h, 2000h and 3000h) and the damaged specimen. The median of 
the breakdown voltages was measured. Figure 6.2 shows that the median breakdown 
voltage was reduced when the aging period was increased. 
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Figure 6.2: Interval plot for breakdown voltages (maximum, minimum, and median) 
collected from sphere-sphere electrode configuration 
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Table 6.1: Breakdown voltage versus aging times (sphere-sphere electrode) 
Aging Period Breakdown Voltage (kV) 
Median 
Breakdown 
Voltage (kV) 
New specimen 36.1 34.0 36.0 33.2 32.1 34.0 
1000h (C. A.) 35.8 34.0 30.3 32.0 33.2 33.2 
2000h (C. A.) 34.0 33.1 31.2 28.0 31.9 31.9 
3000h (C. A.) 25.2 28.2 30.1 29.0 27.8 28.2 
1000h (ASTM) 34.6 33.0 31.2 33.3 32.8 33.0 
2000h (ASTM) 31.5 33.9 30.7 31.0 34.2 31.5 
3000h (ASTM) 25.3 26.6 28.8 27.4 25.2 26.6 
Damaged 
Specimen 26.8 22.0 25.1 21.0 21.9 22.0 
 
For the investigations on the dielectric breakdown behavior of silicone rubber 
stressed with high field strengths, a needle-needle electrodes configuration, as shown 
in Figure 6.3, was used. The diameter of the needle is d=8 mm, the radius of needle 
tip is Rtip =0.2 mm. The distance between needles was 2.0 mm ±0.2 mm, which were 
used the same dimension and thickness specimens as before in spherical electrodes. 
All of the breakdown test results are plotted in Figure 6.4 and tabulated in Table 6.2. 
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Figure 6.4: Interval plot for breakdown voltages (maximum, minimum, and median) 
collected from needle-needle experiments 
 
Figure 6.3: Setup of the breakdown voltage test with needle-needle electrode 
configuration 
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Table 6.2: Breakdown voltage versus aging times (needle-needle electrode) 
Aging Period Breakdown Voltage (kV) 
Median 
Breakdown 
Voltage (kV) 
New specimen 35.4 35.2 34.9 35.0 35.1 35.1 
1000h (C. A.) 34.0 34.8 35.2 34.0 34.3 34.3 
2000h (C. A.) 33.8 34.2 35.2 33.3 33.7 33.8 
3000h (C. A.) 34.5 34.5 32.8 33.0 33.5 33.5 
1000h (ASTM) 34.2 35.0 34.2 35.1 33.4 34.2 
2000h (ASTM) 34.0 34.1 33.3 33.6 33.2 33.6 
3000h (ASTM) 32.9 33.1 33.0 34.1 34.0 33.1 
Damaged 
Specimen 31.2 30.5 29.2 30.9 28.8 30.5 
 
The damaged specimen showed significant difference in breakdown voltage 
compared with the new specimen. When the specimen was damaged, the chemical 
bonds were weakened and this helped the electrons to move through the insulator 
material and channel breakdown to occur. 
In Figures 6.2 and 6.4, the breakdown voltage is strongly dependent on the size of the 
electrode material. Sphere-sphere electrodes (big electrode volume) results, as shown 
in Figure 6.2, indicated a lower median breakdown voltage than breakdown median 
voltage, as shown in Figure 6.4, which represent needle-needle electrode 
configuration. This behaviour addresses the presence of irregularity in the structure 
of insulation material (silicone rubber). In general, increases in electrode volume 
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leads to a higher percentage of voids in electrical stressed material; this in turn leads 
to a lower breakdown voltage of the insulation.         
 
6.3.2 Scanning Electron Microscopy (SEM) 
 
The degree of deterioration of silicone rubber can be evaluated by comparing the 
surface image of the specimens captured by SEM, as shown in Figure 6.5. To 
enhance the appearance of the surface roughness, the specimen was tilted at 45°. The 
images of the tilted specimens are shown in Figures 6.5(c) and 6.5(d).  
The overall visual observation is that there is no major degradation, such as cracking. 
However, it can be seen that these micrographs display different microstructure. The 
new specimen has a smooth, more homogenous and less porous surface, while the 
surface roughness and porosity increase with aging under custom cycle. In addition, 
SEM images of the specimens taken after the AC breakdown voltage test, as shown 
in Figures 6.5(e) and 6.5(f), show larger cracks at 1000x magnification due to 
weakened chemical bonding at 3000 hours, compared to the new specimen. Figures 
6.5(g) and 6.5(h) clearly show the differences in crack and surface roughness for a 
new and 3000 hours specimens when the specimens were tilted at 45°.    
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  (a)                                                               (b) 
    
 
 
 
 
(c)                                                              (d) 
    
 
 
 
 
                                                     (e)                                                               (f) 
 
 
 
 
 
                                                     (g)                                                               (h) 
Figure 6.5: SEM images of specimens at 1000x magnification  (a) new specimen      
(b) 3000h specimen  (c) new specimen – tilted  (d) 3000h specimen – tilted  (e) new 
specimen after breakdown test   (f) 3000h specimen after breakdown test  (g) new 
specimen after breakdown test – tilted  (h) 3000h specimen after breakdown test – 
tilted 
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Measurement of the chemical concentration was performed on the specimens after 
the accelerated aging process was applied. The atomic percentage was determined 
using EDS (Energy Dispersive x-ray Spectroscopy) within the SEM. A Philips XL-
30 equipped with an EDAX Silicon Drift Detector X-ray detector model 500 Apollo 
X which has a solid state detector, was used. This type of detector has contributed a 
lower intensity error for quantification results, which means a relative statistical error 
for the element peak intensity. XL-30 scanning electron microscopy was operated in 
spot size 6.0 at acceleration voltage 5 KV in high vacuum.   
To remove specimen charging, the specimens were coated with carbon before 
examination, using a Gatan Inc. Precision Etching and Coating System model 682 
with Thickness Monitor model 681.2. Before examination all specimens were 
cleaned in an ultrasonic cleaner for 180 seconds using ethanol.  
Carbon, oxygen, silicon and aluminium elements are the main elements found in the 
silicone rubber surface where carbon and oxygen are organic elements. Silicon and 
aluminium are inorganic elements. The average of chemical percentage was taken 
from six locations on the silicone rubber surface for a new specimen, damaged 
specimen, specimens aged under UV aging cycle (custom cycle) and Condensation 
cycle (ASTM cycle). Figures 6.6 to Figure 6.9 show that the average value as a 
percentage quantity for all specimens were mentioned before (new, damaged and 
specimens aged under two different aging cycle).  
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Figure 6.6: Interval plot (Max, min and average) for Carbon element concentration on 
the insulator surface collected by EDS 
 
Figure 6.7: Interval plot (Max, min and average) for Oxygen element 
concentration on the insulator surface collected by EDS 
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Figure 6.8: Interval plot (Max, min and average) for Silicon element concentration on the 
insulator surface collected by EDS 
 
Figure 6.9: Interval plot (Max, min and average) for Aluminium element 
concentration on the insulator surface collected by EDS 
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6.3.3 Colour Coordinates 
 
The colours of the specimens are measured using the Minolta Chroma meter 
described in Chapter 3.  The results of measurements which are presented based on 
the Hunter Lab colour system (L, a, and b) are tabulated in Table 6.3. These values 
are the average of ten measurements taken under the same calibration process. 
Changes in the lightness factor L between a new, the aged and damaged specimens 
due to exposure to heat and ultraviolet radiation can be clearly seen. The overall 
colour of the surface of silicone rubber is less intense as time progresses.  
It is also clear that the values of the chromaticity coordinates a, and b change over 
time. It seems that damage introduced by the continuous flashover on the damaged 
specimen and weathering damage by QUV chamber resulted in distinctive 
differences in the chromaticity coordinates.  
 
Table 6.3: Average values of L , a and b for specimens exposed to 0 h, 1000 h, 
2000 h, 3000 h and damaged specimens under heat and ultraviolet radiation 
(custom cycle) 
Colour 
Factors 
New 
specimen 1000h 2000h 3000h 
Damaged 
specimen 
L Factor 57.543 57.624 57.758 57.802 57.940 
a  Factor 3.854 3.925 4.053 4.425 3.572 
b  Factor -37.862 -38.249 -38.845 -39.580 -35.461 
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To further analyse these data, the average values of the lightness and the chromaticity 
coordinates were plotted using a 3D scatter plot, as shown in Figure 6.10. The 3D 
scatter plot is a useful tool for presenting the correlations between multiple variables. 
In this figure, the clusters associated with the new, aged and damaged specimens can 
be clearly identified. 
 
 
 
 
 
 
Figure 6.10: 3D Scatter plot of L, a, and b 
 
 
6.3.4 Infrared Spectroscopy  
 
ATR-FTIR was used to assess the aging phenomena of silicone rubber. Three 
different spots were scanned and the average spectra are provided. In the Figure 6.11, 
the absorption peak in the 1008 cm-1 is attributed to Si-O-Si bond. The absorption 
peak at 1260 cm-1 refers to Si-CH3 bond and 2963 cm-1 to C-H bond in CH3 groups. 
ATH filler is characterized by a decrease in the absorption peaks, correlated with the 
hydroxyl groups bounded within ATH in intervals of 3300 to 3600 cm-1 [80].  
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An estimation of the degree of the change of ATH in the surface region was obtained 
from the highest value of the absorption peak at 3440 cm-1. The results obtained from 
three spots on each specimen are presented in Table 6.4. The Si-O-Si backbone of 
silicone rubber has a high-energy bond and has more resistance to degradation 
compared to other bonds in the silicone chain. Si-CH3 groups are one of the main 
chemical bonds responsible for surface hydrophobicity of silicone rubber insulators. 
The measurements of the ATR-FTIR are presented in Figure 6.12. In Figure 6.12(b), 
we can see the disappearance of the absorption peak of ATH filler in the damaged 
specimens caused by the effects of high voltage arcing, flashover and pollution.  
Table 6.4: Chemical bonds in different spots for new, damaged and specimens 
aged under UV cycle (custom cycle)  
Chemical 
Bonds 
New 
specimen 1000h 2000h 3000h 
Damaged 
specimen 
ATH 
3440cm-1 
0.0723 0.0763 0.0542 0.0460 0.0076 
0.0709 0.0790 0.0589 0.0495 0.0117 
0.0793 0.0714 0.0644 0.0430 0.0136 
C-H 
2963cm-1 
0.0860 0.0838 0.0725 0.0615 0.0349 
0.0846 0.0824 0.0615 0.0733 0.0257 
0.0829 0.0818 0.0737 0.0700 0.0351 
Si-CH3 
1260cm-1 
0.3581 0.3506 0.2479 0.2082 0.1176 
0.3551 0.3400 0.2407 0.2903 0.1055 
0.3568 0.3292 0.2540 0.2500 0.1282 
Si-O-Si 
1008cm-1 
1.1106 1.0774 0.6111 0.6295 0.3834 
1.0974 1.0362 0.6295 0.6111 0.3779 
1.0795 1.0088 0.6199 0.6000 0.3879 
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Figure 6.11: FTIR spectra of different specimens 
Figure 6.12: ATR- FTIR Spectra (a) 900 to 1400cm-1 (b) 2800 to 3700 cm-1 
  
101 
  
0.08
0.000 0.06
0.025
0.050
0.1
0.075
0.04
0.2
0.020.3
ATH 
C-H
Si-CH3
New
1000h
2000h
3000h
Damaged
The absorption peaks of ATH, C-H, Si-O-Si and Si-CH3 were plotted in 3D scatter 
plots, as shown in Figures 6.13 to Figure 6.15. In these figures, a clear trajectory can 
be seen between the new specimen and the damaged specimen, with aged specimens 
dotted along the path.  
The 3D scatter plot can be a useful tool for visualizing the degree of degradation of 
silicone rubber insulators by incorporating the results obtained from the new, aged 
and damaged specimens of the same silicone rubber insulator compounds. 
 
 
Figure 6.13: 3D Scatter plot for ATH, Si-CH3 and C-H 
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Figure 6.14: 3D Scatter plot for ATH, Si-O-Si and Si-CH3 
 
 
Figure 6.15: 3D Scatterplot for C-H, Si-O-Si and Si-CH3 
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6.3.5 Hydrophobicity Measurements  
 
Changes in hydrophobicity (contact angle) can be clearly observed on silicone rubber 
insulators under high temperature and ultraviolet exposure (custom cycle)  for all 
specimens (0h, 1000h, 2000h, 3000h, and damaged specimen).  
According to the IEC62073 standard [87, 88], contact angle results for fifteen spot 
measurements were taken for every specimen. The contact angle results are plotted in 
Figure 6.16. The graph shows that the combination of the ultraviolet exposure and 
temperature affects the hydrophobicity of the polymer surface. In many cases, the 
loss of contact angle does not warrant the removal of insulators from service.  
 
 
 
 
 
 
 
 
Figure 6.16: Interval plot for contact angles (Max, min and average) 
collected from different specimens under heat and ultraviolet exposure 
(custom cycle 
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6.4 Scatter Plot for Visualization of Changes in Polymer 
 
 
Results depicted in Figures 6.17 to Figure 6.19 show the possibility of utilizing 3D 
scatter plots for remaining-life estimation by comparing the chemical bond 
measurements, breakdown voltage measurements, hydrophobicity, and colour change 
through lightness (L factor). Average values from each measurement are used to 
prepare these figures except the channel breakdown voltage, which used a median 
values for the variables according, to the standard as explained in Section 6.3.1.  
 
 
 
 
 
 
 
 
Figure 6.17: 3D Scatterplot for ATH, Si-O-Si and Si-CH3 
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Figure 6.18: 3D Scatterplot for C-H, Si-O-Si and Si-CH3 
 
 
 
 
Figure 6.19: 3D Scatterplot for L (Lightness factor), θ (Contact angle), and 
median breakdown voltage measurements in (kV) 
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To provide quantitative representation of the data obtained from chemical and 
electrical measurements in the 3D scatter plot, the Multiple Linear Regression 
method as a part of curve-fitting was used. This method is particularly useful when 
fitting experimental data where the variable is often a function of two other variables.  
When two or more independent variables are used, the regression ‘line’ becomes 
‘plane’ The Multiple Linear Regression process was applied to yield the best plane 
coefficients equation, as shown in Equation 6.1 The coefficient of determination r 2 is 
defined as  

 , where St is the total sum of the squares around the mean of the 
dependent variables, and Sr is the sum of the squares of the residuals around the 
regression plane.  
y = a0 + a1x1 + a2x2 + e                                                 (Eq. 6.1) 
 
For perfect fit, Sr	= 0 and r 2= 1, signifying that the plane achieves 100% of the 
variability of the data.  
The multiple linear regression equations for Figure 6.17, 6.18 and 6.19 are presented 
in the following equations: 
-0.01868+ (-0.05506) (Si-O-Si) + 0.4316(Si-CH3) = ATH                (Eq. 6.2) 
 
0.01082 + (-0.07281) (Si-O-Si) + 0.4203(Si-CH3) = (C-H)           (Eq. 6.3) 
 
929.3 + 0.1037 (θ) + (-15.76) (LF) = BD                                        (Eq. 6.4)  
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where, LF, θ, BD represents the L factor, θ is a contact angle and BD is the channel 
breakdown voltage value. The coefficients of determination r2of these equations are 
0.9574, 0.9633 and 0.9674 respectively. These equations are depicted as the red plane 
in Figures 6.17 to Figure 6.19. The equations quantitatively describe the change in 
the absorption peak, breakdown voltage, L factor and contact angle of the silicone 
rubber. 
To demonstrate that the 3D scatter plot can be used to evaluate the condition of the 
silicone rubber, results from a test specimen which was subjected to 800-hour of 
ultraviolet radiation and condensation in accordance to ASTM G154 Cycle, described 
in Chapter 3, are inserted into Figure 6.17 to Figure 6.19. The results reveal that the 
degradation and damage on the 800-hour specimen are comparable to the specimen 
that was aged for 1000 hours.  
On the other hand, the 3D scatter plot based on L, θ and breakdown voltage, shown in 
Figure 6.19, place the 800-hour specimen close to the 2000-hour specimen. It seems 
that the effect of condensation significantly affected the contact angle on the 
specimen. The introduction of condensation to the accelerated aging cycle leads to 
the loss of contact angle, from an average of 114.7 degrees to 92.5 degrees. The 
percentage error of the data from the 800-hour specimen, compared to the linear 
regression plane, is 5%, 13% and 19%, respectively.  
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6.5 Lifetime Model based on Polynomial Curve Fitting of Multiple 
Order and Extrapolation 
 
Extrapolation is the process of estimating a value of f(x) that lies outside the range of 
known base points, x1, x2, . . ., xn [93]. The process extends the curve beyond the 
known region, as shown in Figure 6.20. Extrapolation refers to the use of a fitted 
curve beyond the range of the observed data. The extrapolation is subject to a degree 
of uncertainty since it may reflect the method used to construct the curve as much as it 
reflects the observed data.  
For n data points, there is only one polynomial of order (n-1) that passes through all 
points and can be employed whenever a case arises where one must extrapolate. For 
example, there is only one straight line (first-order polynomial) that connects two 
points. Similarly, only one parabola or quadratic (second-order polynomial) connects 
a set of three points and only one cubic (third-order) connects four points and so on. 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.20:  Extrapolation based on fitting a second-order curve through 
the first three known points 
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In this chapter, a polynomial with multi-order was presented in order to determine the 
curve that best fits the data over the extended time period. The life of the damaged 
specimen was estimated based on the average of percentage concentration of chemical 
elements for new specimens that have been aged for 1000h, 2000h and 3000h. A 
polynomial general formula for an (n-1)th-order can be written, as in Equation 6.5. 
 
                                                                                                            (Eq. 6.5) 
 
Where, p1, p2,…, pn represent the polynomial coefficients for polynomial general 
formula. The least-square fit line might not necessarily pass through all of the points, 
but rather follows the general trend of the data, as shown in Fig. 6.20. As a result, the 
general trend does not provide a precise coefficient for polynomial [93].   The average 
of percentage concentration chemical elements for four specimens that are new, 1000 
hours, 2000 hours and 3000 hours, respectively, is used to compute the polynomial 
coefficients. These specimens are aged under condensation cycle (ASTM cycle)  
 
In order to estimate the age of polymeric specimens using the polynomial, f(x) of the 
polynomial in Equation 6.5 represents the aging time and x represents the chemical 
concentration of the specimen. The lifetime model that describes the change of 
chemical elements over time was computed using first-order to fifth-order 
polynomials and comparisons were made. In general, the cubic (third-order) 
polynomial is more suitable to represent the lifetime model of silicone rubber since, 
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the third-order system returns the coefficients of the polynomial that pass directly 
through all data points [93]. 
 
To evaluate the viability of the proposed method, the age of a damaged silicone rubber 
specimen will be estimated using the polynomial function presented in this section. 
Polynomial function with multiple orders extends the curves beyond the known 
region. One of the functions presented below will best resemble a curve that illustrates 
the lifetime model of silicone rubber. 
 
Elements analysis was performed on the new aged specimens with different aging 
times (1000h, 2000h and 3000h) and damaged specimens. The percentage of 
chemical elements on the silicone insulator surface was computed using Philips XL-
30 SEM with EDS from EDAX Inc. with 5 kV beam voltage.  
Carbon, oxygen, silicon and aluminium elements are the main elements found in the 
silicone rubber surface. The average of chemical percentage was taken from six 
locations on the silicone rubber surface under five different aging conditions, as 
shown in Table 6.5. 
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Table 6.5: Average of chemical percentage under different aging time 
Chemical 
Elements 
New 
Specime
n 
Aging time period (ASTM cycle) Damaged 
Specimen 1000 h 2000 h 3000 h 
Carbon 17.7 17.0 16.2 16.0 14.7 
Oxygen 48.9 51.3 52.3 52.7 55.5 
Silicon 30.4 28.4 28.2 28.0 26.3 
Aluminium 2.94 3.34 3.16 3.40 3.6 
 
Tables 6.5 to 6.8 show the coefficients of the polynomial function that describe the 
percentage quantity of carbon, oxygen, silicon and aluminium. Figures 6.21 to 6.24 
shows the polynomial curves for chemical concentration of silicone rubber insulators 
(carbon, oxygen, aluminium and silicon) based on polynomial equations of different. 
Table 6.6: Coefficients for carbon element on 1st to 5th polynomial orders 
Polynomial 
orders P1 P2 P3 P4 P5 P6 
First 1.61E3 -0.08E3 - - - - 
Second 445.18 837.94 41.864 - - - 
Third 2.25E3 -5.19E3 3.94E3 0 - - 
Fourth 1.06E3 -1.89E3 0 1.98E3 0 - 
Fifth 0.30E3 0 -0.88E3 0 1.77E3 0 
 
 
 
Table 6.7: Coefficients for oxygen element on 1st to 5th polynomial orders 
Polynomial 
orders P1 P2 P3 P4 P5 P6 
First 715.20 -208.99 - - - - 
Second 273.48 -275.71 7.77 - - - 
Third 0.19E3 -0.93E3 1.54E3 0 - - 
Fourth 50.16 -285.12 568.60 0 0 - 
Fifth 18.55 -127.17 270.47 0 0 0 
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Table 6.8: Coefficients for silicon element on 1st to 5th polynomial orders 
Polynomial  
orders P1 P2 P3 P4 P5 P6 
First 992.3 -144.8 - - - - 
Second 1.9E3 -3.3E3 0.0004E3 - - - 
Third 0.9E3 -2E3 0.97E3 0 - - 
Fourth 136 -25.6 0 -490 0 - 
Fifth -19 216 0 -465 0 0 
         
 
 
Table 6.9: Coefficients for aluminium element on 1st to 5th polynomial orders 
Polynomial 
orders P1 P2 P3 P4 P5 P6 
First 4.67E3 0.23E3 - - - - 
Second -6.44E3 7.64E3 0.11 - - - 
Third 4.32E5 -3.07E5 0.56E5 -110 - - 
Fourth 3.97E5 0 -1.56E5 0.39E5 -80 - 
Fifth 0 3.97E5 0 -1.6E5 0.3E5 -80 
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Figure 6.21: Polynomial curves and extrapolation for 1st to 5th order 
polynomial of Carbon element 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.22: Polynomial curves and extrapolation for 1st to 5th order 
polynomial of Oxygen element 
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Figure 6.23: Polynomial curves and extrapolation for 1st to 5th order 
polynomial of Silicon element 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.24: Polynomial curves and extrapolation for 1st to 5th order 
polynomial of Aluminium element 
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Based on the 3rd order polynomial of Carbon, Oxygen, Silicon and Aluminium and 
the chemical concentration of the element in Table 6.5, we can estimate the age of the 
damaged specimen prepared according to the procedure in Section 6.2.2. For instance, 
the estimated age of the damaged specimen based on the Carbon element is 25730 
hours, as shown in Equation 6.6. 
 
             = 2247 − 
 − 5195 − 
 + 3940 −           (Eq. 6.6) 
       where  x1 = 17.7 and x2 = 14.7 
 
Table 6.10: Estimated age of damaged specimen 
Chemical 
Element 
Estimated Age of Damaged  Specimen 
(in hours) 
Carbon 25730 
Oxygen 24870 
Silicon 29050 
Aluminium 27100 
 
Based on the 3rd order polynomial generated from the four chemical elements, the 
aging time period for the damaged specimen can be estimated. The estimated age of 
the damaged specimen based on the four chemical elements is tabulated in Table 6.9. 
Out of the five polynomials presented in this Section, the 3rd order polynomial curve 
passes through all data points, without oscillation.  
Higher-order polynomials tend to be very ill-conditioned and highly sensitive to 
round-off error. The 1st and 2nd order polynomial shows a poor prediction of the age 
of the damaged specimen because both equations depend on lower number 
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coefficients obtained from interpolation equation. The curves tend to move away from 
the real data which leads to an incorrect estimation of the age when extended in the 
extrapolation process. Based on the four estimated values in Table 6.9, the average 
age for the damaged specimen is equal to 26,688 hours. 
 
6.6 Summary  
In this thesis, we demonstrated that the 3D scatter plot is a useful tool for the 
visualization of the degradation of polymer insulators over time. It is also a tool that 
can be used to determine the current state of any specimen without any prior historical 
information, such as date of installation and geographical location of the specimen. 
Furthermore, the results show a clear trend in the change of the basic chemical bounds 
that silicone rubber contains. The change in the Lightness (L factor) indicated that the 
colour of silicone rubber became less intense with time. The chromaticity coordinates, 
which are a and b factors, could vary depending on the aging process. The 
hydrophobicity property of silicone rubber insulator is reduced because of the 
decrease in methyl groups on the surface when it is aged.  
 
In addition, the results show that an increase of stresses on polymer insulators leads to 
surface damage that results in a decrease of the breakdown voltage and the contact 
angle. The application of the Multiple Linear Regression method provides a plane 
equation to quantitatively describe the relationship of the absorption peak and other 
quantities with regard to time. The plane equation presented in Section 6.4 can be used 
to continuously evaluate the performance of the silicone rubber. In summary, this 
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thesis presented a new approach in investigating the aging phenomenon of silicone 
rubber insulators and presented a visualization tool for quantifying the performance of 
silicone rubber insulators. 
 
Furthermore, the results in the second half of this chapter demonstrated that the 3rd 
order interpolation equation shows the best curve-fitting obtained for all chemical 
elements because this curve passes through all four data points available from EDS. 
The coefficients obtained have very low or the lowest percentage error that could lead 
to the correct estimation of lifetime for the damaged (unknown aging lifetime) 
specimen. Moreover, polynomials with lower orders do not pass through all data 
points available and that leads to an incorrect prediction for lifetime aging. Higher 
order polynomials tend to be highly sensitive to round-off error due to the oscillation 
problem. The validation of the proposed life time model developed using both 
statistical and non-statistical methods can be validated using field data collected from 
specimens over a long term period. These data includes measurement data from 
electrical, mechanical, chemical tests stated in Chapter 4 and Chapter 5 of this thesis 
over the whole life span of the insulator on a regular interval (e.g. 12 months). 
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CHAPTER 7    Conclusions and Recommendations for 
Future Research  
 
7.1 Conclusion 
 
The aim of this thesis is to present a model of the life cycle for polymer insulators. 
This complete life model can be used to identify the effects of weathering and 
therefore the service life of polymer insulators. Such information can be used by 
power utilities in the design and maintenance programs of their transmission and 
distribution systems. 
As indicated in the literature review, field experience and laboratory experiments 
have shown that silicone rubber insulators are the most suitable type of insulator 
material for high-voltage applications in harsh environmental conditions. 
To obtain insights into the aging process of the silicone rubber insulators, specimens 
were artificially aged using the QUV weathering tester. This device allows for the 
testing of specimens using the ASTM G154 (standard cycle) and a custom created 
cycle. These cycles tested specimens under various degrees of the following 
environmental stresses: ultraviolet light, high temperature and condensation. 
After aging the specimens with the QUV, tests were performed on the aged silicone 
rubber specimens. These tests took the form of electrical and material characteristic 
testing. The electrical tests included channel breakdown and surface breakdown tests, 
which showed the reduction in electrical breakdown strength to the quantified 
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accurately. The material tests evaluated the surface roughness, hydrophobicity, 
discolouration and the reduction of chemical bonds in the material. 
The material tests were unique in that, for the first time, sequential high-speed images 
of water droplets were collected. Using these images, it is possible to determine how 
long it takes for a water droplet to stabilise on the insulator’s surface. This duration 
of time can be used as a basis for a relationship between the electrical performances 
of the specimens and state of the polymer material that the insulator is composed of. 
Correlation plots show the linear relationship between the time required for OWD 
test method and the Mean Roughness Depth (RZ), contact angles and surface 
breakdown test. 
A clear trend was established in the interval plots of the percentage of chemical 
composition of the aged specimens, based on the measurements obtained from EDS. 
The Newton and Lagrange methods were used as polynomial interpolation equations 
in order to approximate the estimation of the life time aging profile of silicone 
rubber. Results suggest that the proposed approach could be applied to predict the 
change in the chemical concentration of polymeric insulators over their life cycle 
(interpolation). Such an approach shows promising results for use over short time 
periods in many different climates. 
3D scatter plots were also found to be useful in the visualization of the degradation of 
polymer insulators over time. They can be used to determine the current state of any 
specimen without any prior historical information, such as date of installation or 
geographical location. 
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The application of the Multiple Linear Regression method provided a plane equation 
to quantitatively describe the relationship of the absorption peak and other quantities 
with respect to time. The plane equation presented in Section 6.4 can be used to 
continuously evaluate the performance of the silicone rubber. 
Interpolation and extrapolation approaches recommend adapting this study to monitor 
the performance of polymeric insulators in the long and short term.  The interpolation 
approach can be used when the climate stress is known and when new and damaged 
specimens are available. Extrapolation can be used when multi-aging specimens are 
available with a new specimen but not a damaged specimen. The life model that was 
presented in Chapters 5 and 6 was not fully validated. Using specimens from the field 
obviously yields the optimum estimation of aging; however, it was never the 
intention of this study to involve real world specimens, and the extrapolation method 
employed here allowed for a very close approximation to the real-world estimation of 
the aging of polymeric insulators. 
The main difficulty encountered during this research is the preparation of a fully 
damaged specimen. The methodology of preparing the fully damaged specimen 
stated in Chapter 3.6 is an original concept developed by the author. The fully 
damaged specimen is a critical component in this research because it allows us to 
perform an estimation of the age of any sample. 
In summary, this thesis presented a new approach in investigating the aging 
phenomenon of silicone rubber insulators and presented a visualization tool for 
quantifying the performance of silicone rubber insulators. 
  
121 
  
7.2 Recommendations for Future Research 
A number of recommendations for future research are proposed below: 
1. Perform an extensive accelerated aging test to simulate failure of polymer 
insulators under various outdoor weather conditions inside the RMIT High Voltage 
Testing Laboratory and RMIT Rheology and Materials Processing Centre (RMPC) 
Laboratories. The specially built weather chamber, which is equipped with an ozone 
sensor, electromagnetic radiation sensor, surface image capturing device, temperature 
and humidity sensors, will house and test up to three phase insulators simultaneously. 
2. Correlate the laboratory aging with the specimens aged in the field in 
different weather climates. The optimum result can be obtained using a High Voltage 
Testing Laboratory that can create different climate factors with a wide range that can 
control the latter independently. Institutions wishing to achieve optimum correlations 
are best advised to install such a laboratory. 
3. A high number of specimens will be tested in this project, including virgin 
specimens from manufacturers, and specimens taken from various geographical 
locations such as a coastal area, inland, a heavy industrial area and a recent bushfire-
affected area. A total of 10 to 15 specimens at least will be obtained from each of 
these locations in order to achieve accurate and reliable results. 
4.  More and more academic research and industrial development carried out on 
the predication of remaining service life of polymeric insulators can be developed to 
determine the effects of every climate factor on the age of HV polymer insulators. 
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